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The Mio-Pliocene geologic record is investigated along the southeastern margin 
of the Puna plateau in northwestern Argentina.  The Puna plateau is the southernmost 
extension of the high elevation, internally drained, Central Andean plateau.  A series of 
intermontane basins at the plateau margin preserve thick stratigraphic sections spanning 
~10–3 Ma.  The strata in these basins were investigated between 25°30′S and 28°S 
latitude, with geochronological and paleoenvironmental objectives.  The stratigraphy, 
composition, and age of volcanic ash beds provide age control.  Fossil vertebrates and 
soils interbedded with these volcanic ash beds provide material for stable isotopic proxies 
of environment.  This approach permits analysis of spatial and temporal patterns in the 
tectonic and climatic evolution of the landscape at the Puna margin. 
Stable isotope analysis of fossil tooth enamel from the 2.5 km thick section at 
Puerta de Corral Quemado documents the late Miocene expansion of plants using the C4 
photosynthetic pathway.  Tooth enamel was analyzed by conventional methods, and by 
laser ablation which incorporates small bodied taxa in the study.  These results indicate 
the presence of C4 plants in the region by at least 8.5 Ma and a shift to C4 diets among 
fossil notoungulates between 7–5.5 Ma.  Fossil rodents exhibit a less dramatic diet 
change across this interval, and all taxa document transient enrichment in 13C and 18O 
approximately coincident with the Miocene-Pliocene boundary. 
 Interbasin correlation of ash beds demonstrate that conglomeratic deposits are 
conformable with stratified sections and initiated between 4–3 Ma.  These deposits lag 
uplift of basin margin mountain blocks by several million years and precede contractional 
deformation of Mio-Pliocene strata.  This sequence is characteristic, but diachronous 
between basins.  This Mio-Pliocene pulse of deformation typifies the evolution of a 
broken foreland at the plateau margin. 
Interbasin comparison of isotopic proxy data from fossil soils identifies regional 
18O enrichment concurrent with topographic growth at the plateau margin.  Carbon 
isotope data from fossil soils demonstrate strong ecological gradients at the landscape-
scale and at local scales.  The record of C4 expansion in fossil soils is significantly 
influenced by the growth of complex topography and possibly by regional reorganization 
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INTRODUCTION:  TECTONIC AND GEOLOGIC SETTING OF THE PUNA 
PLATEAU MARGIN, NORTHWESTERN ARGENTINA 
 
Purpose of the dissertation 
The data collected for this dissertation, and the themes discussed herein relate to 
the late Miocene and Pliocene geologic history at the southeasternmost margin of Central 
Andean plateau.  In northwestern Argentina, modern interactions between climate and 
topography are striking features of the landscape and profoundly influence geological 
processes.  The evolution of this system before, during, and after a strong Pliocene pulse 
of uplift in the region is investigated. 
Several lines of inquiry are followed.  A stable isotope proxy approach to 
environmental change during this period addresses questions of landscape scale ecology 
and its relationship with growing topography and global ecological change.  Stratigraphic 
study of volcanic ash beds provides chronological control for stable isotope data and 
permits analysis of the locus and timing of plateau margin uplift.  Integration of volcanic 
ash and stable isotope stratigraphies is a means of addressing local and regional 
variations in environmental change.  A composite record of climate and ecology in the 
region permits analysis of the relative importance of global and regional events on the 
evolution of Central Andean plateau and its environment. 
 This chapter provides an introduction to the region of study, formulates the 
questions addressed, and describes the methods employed.  A general tectonic framework 
for the Andes is followed by a description of the study area and a summary of 
hypothesized mechanisms for plateau uplift.  The methods employed are then discussed, 
highlighting the assumptions and realistic limits of data interpretation.  Having 
established the scientific approach, the organization of the dissertation is presented. 
 
Tectonic setting 
The Andes mountains span ~7500 km along the western margin of the South 
American continent (Figure 1.1).  In places, the Andes are a single narrow spine; in 
others, a broad amalgamation of ranges, with each range having its own structure and 
morphology.  It has been hypothesized that at the continental scale, the Andes owe their 
morphological variation to climatic patterns of zonal atmospheric circulation 
(Montgomery et al., 2001).  The focus of this dissertation is the southern terminus of the 
broad, high elevation Puna-Altiplano plateau which is well developed in the subtropical 
belt of deserts (~15–33°S). 
As the type example of subduction related continental mountain building, 
cordilleran fold-thrust belt tectonics, and volcanic arc processes, the Andes remain 
atypical in many respects.  Subduction zones are common geologic features known from 
many locations on Earth, but only along the western margin of South America does 
subduction of oceanic lithosphere beneath a continent result in topography and crustal 
thickness comparable to the Himalaya.  The Central Andes in particular, have a variable 
but thick (up to 75 km) continental crust underlying the plateau portion of the mountain 




Figure 1.1:  Shaded relief map of South America from GTOPO30 data.  The Central 
Andean plateau, highlighted in the box, corresponds to the area of Figure 1.3.  The 
approximate location of subduction is indicated by the trench.  Kilometers of sediment-




 Except at the northernmost and southernmost ends, the subduction zone is 
comprised of the oceanic Nazca plate moving to the northeast at 3–4 cm/year and the 
overriding South American plate moving to the west at comparable rates (Marret and 
Strecker, 2000).  Sediment supply to the oceanic trench demarcating the Nazca-South 
America plate boundary varies greatly along strike (Bangs and Cande, 1997).  This 
results in dramatic differences in sediment-fill thickness and potentially important 
differences in the coupling between the two plates.  Lamb and Davis (2003) have 
proposed that arid climates reduce sediment supply to the trench resulting in stronger 
plate coupling, more efficient transfer of shear stress to the mountain belt, and ultimately 
enhanced uplift. 
The geometry of the subducting Nazca plate beneath South America changes 
along strike.  Some segments of the Nazca plate dip eastward at ~30°; whereas other 
segments dip much more shallowly.  Among other factors, the flat-subducting sections of 
the Nazca plate have been correlated to aseismic ridges, seamount chains, and associated 
seafloor topography (Pilger, 1981; von Huene and Ranero, 2009).  Regardless of cause, 
flat-subducting segments are associated with notable changes in continental tectonics 
(Jordan et al., 1983).  Cessation of arc volcanism and changes in the style of continental 
deformation are spatially related to flat-subducting segments.  The study area of this 
thesis, ~26.5–28°S, overlies a gradual transition zone in the dip of the subducting Nazca 
plate.  To the north of the study area lies the Altiplano, bounded on the east by a thin-
skinned fold-thrust belt and underlain by a slab subducting at a dip of 30° (Figure 1.2a).  
To the south, inland topography is dominated by the thick-skinned deformation of the 
Sierras Pampeanas and a flat-subducting slab is present (Figure 1.2b). 
4
  
Figure 1.2:  Topographic profiles and structural cross sections, reprinted with permission 
from Jordan et al. (1983). 
 
 
What is the Puna plateau? 
The Puna is a high volcanically active plateau in northwestern Argentina whose 
topography is characterized by basins and ranges (Figure 1.3).  Volcanism on the Central 
Andean plateau is extensive and diverse, being dominated on the west by stratovolcanoes 
of the frontal magmatic arc.  Young back-arc mafic rocks are widely distributed 
throughout the plateau (Kay et al., 1994).  Both large and small silicic calderas are also 
present (de Silva and Francis, 1991).  One of the world’s largest silicic calderas, Cerro 
Galán, is an important feature of the southern Puna plateau that was first recognized with 
spacecraft imagery (Francis et al., 1978, 1983, 1989).  An accurate geochronology of the 
most recent explosive silicic volcanism at Cerro Galan and associated mafic flows is just 
emerging (Kay et al., in press; Risse et al., 2008).  The youngest silicic ignimbrite from 
this volcanic center is very precisely dated at 2.06 Ma (Hynek et al., 2011). 
5
  
Figure 1.3:  Tectonic and climatic setting of the study area reprinted with permission 
from Strecker et al. (2007a); a) shaded relief map and principal morphotectonic 
provinces (after Jordan et al., 1983), b) Mean annual rainfall distribution from the 
Tropical Rainfall Measurement Mission (TRMM) satellite, calibration of rainfall amounts 
described in Strecker et al. (2007a).  Transects highlighted in a) correspond to those 
presented in Figure 1.2 of this dissertation, and boxes shown in a) denote the locations 
depicted in the following two figures of this chapter. 
 
The basins and ranges of the Puna create high relief which is in marked contrast 
to the Altiplano of Bolivia.  The basins commonly contain volcanic, clastic, and evaporite 
deposits 3–5 km thick (Alonso et al., 1991).  Internally drained, evaporite depositional 
centers have existed in the region since ~15 Ma (Vandervoort et al., 1995).  This 
dissertation focuses on the geologic record contained in structurally similar intermontane 
basins along the plateau margin, which are currently externally drained.  These basins are 
associated with contractional deformation during the late Miocene and Pliocene, and may 
represent an early stage of plateau growth (Coughlin et al., 1998). 
 
6
 Concentration of precipitation along the eastern flanks of the plateau is 
documented by climatological data (WMO, 1975), and by more recent Tropical Rainfall 
Measurement Mission (TRMM) satellite observations (Figure 1.3b; Bookhagen and 
Strecker, 2008).  Most of this precipitation falls during the summer months, and is 
believed to originate in the Amazon lowland, being advected southward by the South 
American low-level jet (Strecker et al., 2007a).  The localization of precipitation on the 
eastern flanks of a topographic barrier is especially obvious across the Sierra Aconquija 
at ~26°S latitude where vegetative cover responds strongly to precipitation (Figure 1.4).  
Stable isotope proxy data from the leeward side of the Sierra Aconquija (Kleinert and 
Strecker, 2001) and apatite fission track thermochronology of the Sierra Aconquija 
bedrock (Sobel and Strecker, 2003) are both believed to record initial uplift at ~6 Ma and 
the development of this orographic rainshadow by ~3 Ma.  This example of topographic 




Figure 1.4:  Representative vegetation on the windward and leeward side of the Sierra 
Aconquija; a) subtropical rainforest at ~1,300 m elevation along the east facing 
(windward) flank of the range, b) semi-arid intermontane basin at ~1,800 m elevation on 
the west facing (leeward) side of the range.  These two sites are separated by less than 50 
km along an east to west transect which corresponds to an approximately 3–4 fold 
decrease in mean annual rainfall. 
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 Thus, tropical moisture drawn to the latitude of the southern Puna is effectively 
blocked from the interior of the plateau by the series of orographic barriers on its eastern 
margin.  Moisture flux to the plateau appears to be funneled through topographic lows 
and to respond to short term climatic variations (Bookhagen and Strecker, 2008).  
However, sedimentary and geomorphic records of lake type and lake level indicate that 
the Puna remained relatively arid during the last glacial cycle compared to the Chilean 
Atacama Desert or the Bolivian Altiplano (Godfrey et al., 2003; Placzek et al., 2006).  A 
glacial chronology for the region is essentially nonexistent; however, during Pleistocene 
glaciations moisture flux to the plateau appears to have increased.  Glacial landforms and 
the modern snowline document westward increases in elevation, suggesting that easterly 
moisture sources have remained important at this latitude throughout the recent past 
(Haselton et al., 2002).  In the plateau interior and along its western margin, evidence for 
glaciation is lacking for many peaks attaining elevations between 5,500–6,000 m. 
The general east to west aridity gradient continues to the hyper-arid climate of 
northern Chile which has existed intermittently for the last 10–15 Ma (Houston and 
Hartley, 2003).  Westerly circulation over the plateau is unlikely to be moisture bearing, 
but its influence on the plateau is profound nonetheless.  Wind sculpted features in 
ignimbrite sheets of the southern Puna indicate strong northwesterly oriented wind 
regimes since at least 2 Ma (Greene, 1995).  In some localities the wind sculpted 
ignimbrites are associated with the largest known wind ripples on Earth (Milana, 2009).  
These extreme geomorphic features have been explored as terrestrial analogs to Martian 
geomorphic features (de Silva et al., 2010; de Silva, 2010; Milana et al., 2010).  This 
strong westerly circulation is manifested as dune fields in intermontane basins at the 
8
 plateau margin, further afield as loess deposits, and possibly as significant dust 
contributions to South Atlantic sediments and East Antarctic ice (Gaiero, 2007). 
The modern tectonic and geomorphic setting of the southern Puna margin is 
particularly well exemplified by the Cerro Blanco volcanic complex (Figure 1.5).  The 
Cerro Blanco volcanic complex, is characterized by at least two young collapse calderas 
and several lava domes (Arnosio et al., 2005).  The Cerro Blanco caldera was observed to 
subside rapidly (2.5 cm/year) during the 1990s and is the only subsiding volcano of more 
than 900 Central Andean volcanic centers studied (Pritchard and Simons, 2002).  
Pritchard and Simons (2004) suggest that the subsidence is caused by a cooling magma 
chamber (9–14 km depth) and associated hydrothermal systems.  Recent volcanic activity 
is attested to by the Campo de la Piedra Pómez ignimbrite, and younger unconsolidated 
ignimbrites to the south and west of the volcanic center (Arnosio et al., 2008). 
High rates of eolian erosion on the Puna are documented by the Campo de la 
Piedra Pómez ignimbrite (Figure 1.5b), which is dated at 44.1 ± 2.2 ka by 40Ar/39Ar 
analysis of sanidine (Appendix A).  This young, moderately welded, ignimbrite is 
extensively exposed on the southernmost Puna plateau where it is dissected into 
northwest-southeast oriented yardangs.  Erosional relief of 10 m is observed for mature 
yardangs and an estimated 5 m of thickness has been removed from the ignimbrite since 
eruption (de Silva et al., 2010).  If this erosion is averaged over the 44 ka since 
emplacement, minimum long-term eolian erosion rates of >10 cm/ka are implied. 
The influence of northwesterly atmospheric circulation over the Puna plateau and 
resulting erosion and sediment evacuation is well documented in the Corral Quemado 
basin (Figure 1.5c, d).  Extensive dune fields are present in hanging valleys of the plateau  
9
  
Figure 1.5:  Field photographs and ASTER (http://ava/jpl.nasa.gov/) images of the 
southern Puna plateau margin: a) image depicting the Cerro Blanco volcanic complex 
(CB), the Campo de la Piedra Pómez ignimbrite (ig), and Quaternary basaltic and 
basaltic-andesite flows (B), b) photograph of the ignimbrite illustrating wind erosion into 
elongated swales (yardangs), c) image depicting transport of wind eroded material to the 
southeast, d) the intermontane Corral Quemado basin at the Puna margin, 1) eolian 
deposits derived from the Puna, 2) Quaternary range front gravels and terraces 
disconformably overlying 3) Miocene and Pliocene continental strata. 
 
margin and eolian deposits are found throughout the modern basin.  Quaternary 
pediments and fluvial terraces host soils with extremely thick Av horizons, indicating 
high rates of eolian deposition (cf. McFadden et al., 1987).  The modern and recent 
eolian systems of the region provide an important analog for the ~2.5 km thick Puerta de 
Corral Quemado stratigraphic section, which records Mio-Pliocene eolian deposition, 
with extensive dune fields present from ~7–6 Ma (cf. Chapter 2). 
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 How did the Puna plateau form? 
Along the margins of the southern Puna plateau, vigorous Pliocene deformation of 
the upper crust is documented by deposition of syntectonic conglomerates, as well as 
folding and faulting of Mio-Pliocene deposits.  This surficial expression of tectonic 
activity is broadly synchronous along the plateau margin throughout the study area 
encompassed by this dissertation (~28–26.5°S).  In contrast to the plateau margins, 
relatively minor deformation is observed within the plateau after 10 Ma, although 
abundant evidence exists for surface uplift on the order of 2 km between 10–6 Ma (Hoke 
and Garzione, 2008).  Most data regarding plateau uplift pertain to the Altiplano; 
substantially less information exists regarding the uplift of the Puna.  Therefore much of 
the following discussion is comparative.  The Puna and Altiplano share many similarities, 
including a dramatic Mio-Pliocene uplift history; however, their paths to the present state 
differed (cf. Allmendinger et al., 1997). 
Several processes have been implicated in formation of the Puna-Altiplano 
plateau.  These processes, by no means mutually exclusive, have been put forward as 
general models to explain the genesis of this enigmatic geologic province.  The 
mechanics of building and supporting a vast high altitude plateau are poorly understood 
and simple models are useful for conceptualizing relevant processes.  Regarding the 
southern Puna, Allmendinger (1986) summarized potential plateau uplift mechanisms 
(Figure 1.6).  Observations of upper crustal fault geometries in this study, favor a 
structural model of distributed shortening leading to crustal thickening rather than 




Figure 1.6:  Cartoon models of continental plateau uplift (reprinted with permission from 
Allmendinger, 1986.) 
 
Comprehensive models for deformation within the Central Andes and uplift of the 
Puna-Altiplano plateau rely on a combination of crustal thickening and lithospheric 
thinning (Isacks, 1988).  A majority of crustal thickening (70–90%) is attributed to 
shortening, leaving a minor role for magmatic addition in supporting the expansive 
topography of the plateau (Allmendinger et al., 1997).  Isacks (1988) proposed a two-
stage model for crustal thickening, the first stage dominated by distributed shortening and 
the second characterized by underthrusting of the foreland beneath the plateau by 
shortening of the ductile lower crust.  This two-stage model is attractive because it 
produces recent uplift of a low relief, internally drained plateau with minor surface 
deformation of the plateau interior.  This two-stage model has been shown to be viable 
for the Altiplano (Gubbels et al., 1993), but unlikely for the Puna, which exhibits little 
evidence of underthrusting (Allmendinger and Gubbels, 1996). 
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 Recent geophysical data also suggest that the two-stage model, which relies on 
underthrusting of the craton beneath the plateau, is viable for the Altiplano.  Of particular 
interest is a regionally extensive, rheologically weak layer observed as a thin horizon at 
~20 km depth below the Altiplano (Chmielowski et al., 1999; Beck and Zandt, 2002; 
Oncken et al., 2003).  This weak mid-crustal layer may serve to decouple the upper and 
lower crust, effectively permitting underthrusting from the east and geodynamically 
isolating the brittle upper crust.  Beck and Zandt (2002) indicate that the crust underlying 
high topography is thick and has a felsic to intermediate bulk composition.  They further 
suggest that the lower crust is ductile, and that underthrusting from the east has 
penetrated beneath the plateau margin, but does not penetrate beneath the entire 
Altiplano.  It is also suggested that dense sub-crustal lithosphere is delaminating beneath 
the Altiplano, thereby reducing lithospheric thickness, accommodating inflow of upper 
and mid-crustal material beneath the plateau and resulting in the “felsification” of 
continental crust (Beck and Zandt, 2002). 
In a recent review of evidence for the rapid Mio-Pliocene uplift of the Altiplano, 
Hoke and Garzione (2008) provide an updated conceptual review of the possible 
geodynamic processes responsible for plateau formation (Figure 1.7).  This analysis was 
aimed at determining which geophysical models are capable of producing a hypothesized 
2.5 km of surface uplift between 10–6 Ma.  In this instance, proposed models of plateau 
uplift are essentially constrained by the rate at which they proceed.  Crustal shortening 
alone appears incapable of producing plateau uplift.  As proposed by Hoke and Garzione 
(2008), the second, underthrusting, stage of Isacks’ (1988) model represents a 
combination of crustal thickening (Figure 1.7a) and mass redistribution by 
13

















































































 crustal flow (Figure 1.7b).  Various modes of mass redistribution by crustal flow have 
been proposed for the Altiplano (Husson and Sempere, 2003; Hindle et al., 2005), but 
Hoke and Garzione (2008) prefer to implicate removal of the lower lithosphere (lower 
crust and upper mantle; Figure 1.7c) in the late Miocene uplift of the Altiplano.  In 
discussing mechanisms of lower lithosphere removal, they disregard ablative subduction 
(e.g., Pope and Willett, 1998) and focus instead on mechanisms driven by gravitational 
instability (Kay and Kay, 1993; Molnar and Houseman, 2004).  Removal of dense lower 
lithosphere and influx of hot, buoyant, asthenospheric mantle is equivalent to lithospheric 
thinning (Figure 1.6).  Lithospheric thinning and thermal isostatic effects are smaller than 
those of lithological density variations, but conform well to geologic observations for the 
plateau (Froidevaux and Isacks, 1984). 
Disentangling the various geodynamic models of plateau formation is not an 
especially tractable problem given the data presented in this dissertation; however, an 
interesting paradox presents itself.  The Altiplano portion of the Central Andean plateau 
is hypothesized to have uplifted rapidly by isostatic adjustment to removal of dense lower 
lithosphere, but the strongest evidence for removal of the lower lithosphere is 
documented in the southern Puna portion of the Central Andean plateau. 
It has been suggested that magmatic rocks provide the most enduring and 
unequivocal evidence for delamination (Kay and Kay, 1993).  Mafic lavas in particular 
have been explored as a proxy for lithospheric delamination and influx of fresh 
asthenospheric mantle.  Basaltic rocks of intraplate type are found in a zone overlying the 
proposed lower lithospheric delamination of the southern Puna.  This zone is ringed by 
15
 mafic rocks of calc-alkaline affinity, and north of approximately 24°S, mafic lavas are 
shoshonitic (Kay et al., 1994).  These high potassium basaltic rocks continue across the 
Altiplano (Davidson and de Silva, 1992) to its northernmost termination, where mafic 
rocks of ultra-potassic composition are described (Carlier et al., 2005).  It has been 
argued, that the zone of basaltic and silicic volcanic rocks centered about 26°S is a signal 
of lithospheric delamination (Drew et al., 2009; Kay, 2010).   
Approximately 1/3 of the available age estimates for volcanic rocks in the Central 
Andes are samples from the southern Puna between 25–27°S (cf. Trumbull et al., 2006).  
These radiometric data provide a first approximation of the most recent volcanic history 
in the region (Figure 1.8).  Several observations relevant to delamination, volcanism, and 
regional geology over the last 10 Ma can be made: 1) the age distribution of rhyolitic and 
dacitic rocks associated with the volcanic arc is approximately constant, 2) eruption of 
basaltic and andesitic rocks in the volcanic arc may document a transient increase 
between 6–5 Ma, and 3) mafic back-arc volcanism and the Cerro Galán caldera 
commenced eruption at ~6 Ma.  This period also produced intraplate volcanic rocks 300 
km west of the main arc, and 170 km west of the plateau margin (Gioncada et al., 2010). 
While excellent age control exists for volcanic rocks in the southern Puna plateau, 
geophysical data are sparse by comparison.  Existing geophysical data demonstrate that 
the southern Puna is the region of thinnest crust beneath the plateau, perhaps as little as 
40 km thick (Yuan et al., 2002; Tassara et al., 2006; McGlashan et al., 2008).  This is 
consistent with a lower crustal delamination event as an important mechanism for the 





Figure 1.8: Frequency-age histograms and cumulative percentages plots for volcanic 
rocks <10 Ma in the study area; a) data from Trumbull et al. (2006), b) data from  
Risse et al. (2008), Kay et al. (2010 and in press), and Gioncada et al. (2010). 
 
 
The back-arc magmatic pulse documented by mafic lavas between 25–27°S, and 
by volcanic history at Cerro Galan caldera currently provides the strongest evidence for 
lower lithospheric delamination of any locality in the region (Kay and Coira, 2009).  This 
is ~750 km removed from the observations indicating rapid surface uplift of the 
Altiplano, and any mechanistic link between the two is precluded.  Geophysical 
understanding of the Altiplano is significantly greater, as is the direct evidence of plateau 
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 uplift; however, the evidence for large scale delamination events beneath the Altiplano is 
not strong (Beck and Zandt, 2002; Hoke and Garzione, 2008).  Conversely, the magmatic 
understanding of the southern Puna is significantly more advanced.  The age data shown 
in Figure 1.8 provide an opportunity to compare surficial geologic data directly with the 
proposed tectonic models for plateau formation, by using volcanic rocks as a proxy for 
tectonic processes.  Constraining the timing of geological proxy records for surficial 
tectonic and climatic events will yield more meaningful comparisons with the magmatic 
record of the southern Puna and with the paleoenvironmental record of the Altiplano.  
Developing a high resolution paleoenvironmental record for the southern Puna margin 
and facilitating its comparison with other data is the primary goal of this dissertation.  
 
Geologic record of the southeastern Puna plateau margin 
This dissertation is guided by the principle that models and theories must not 
violate geological observations.  Extensively exposed and exceptionally thick 
sedimentary records preserved along the southern and eastern margins of the Puna 
plateau are investigated.  These sedimentary records contain continental deposits 
commonly in excess of 1 km thick and generally span much of the late Miocene and 
Pliocene epochs (~10–3 Ma). 
As discussed, this temporal interval includes the proposed rapid uplift of the 
Central Andean orogenic plateau (Garzione et al., 2008) and is also a period of global 
ecologic change (Cerling et al., 1997).  Utilizing the geologic record of continental 
sedimentation, two primary types of information are documented; 1) paleoenvironmental 
proxy data relating to climate, depositional environment, and the ecology of plants and 
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 herbivores, and 2) geochronology of volcanic ash beds intercalated with 
paleoenvironmental proxy data. 
 
Paleoenvironmental proxy data 
Stable isotope proxies for climate and ecology provide the most widespread, 
abundant, and high resolution data available for the region.  Materials studied include soil 
carbonate, tooth enamel, snail shell, diagenetic carbonate, and water.  The isotopic 
composition of carbonate was measured in CO2 liberated by phosphoric acid digestion.  
A subset of tooth enamel samples were analyzed by laser ablation, which, unlike acid 
digestion,samples both the carbonate and phosphate components of the enamel. 
Temporal intervals sampled.  Three temporal intervals are represented by stable 
isotope data.  Wherever possible, paleosols and fossil tooth enamel were sampled from 
localities with interstratified volcanic ash beds.  In the absence of absolute age estimates, 
these data still provide a temporal record of climate and ecology based upon the principle 
of stratigraphic superposition.  The extent of these data is over the interval from 9–3 Ma.  
The second temporal interval investigated is from ~2 Ma–present; these samples are 
associated with geomorphic features interpreted as relict land surfaces.  These features 
are pediments or fluvial terraces high above modern river level, comprising a veneer of 
coarse-grained sediments disconformably overlying Mio-Pliocene strata (cf. Figure 1.5d).  
In most cases the ages of these geomorphic surfaces are poorly known at best, so 
assembling a precise time-series of stable isotope data is precluded.  The third group of 
samples presents modern isotopic data for a variety of materials.  Samples of water, 
terrestrial gastropods, and tooth enamel can reliably be assumed to represent the modern 
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 environment.  Soil carbonate on modern land surfaces can not be strictly interpreted as 
modern, but most likely represents the Holocene (<10 ka). 
Stable isotopes in soil carbonate.  Soil and paleosol carbonate are interpreted in 
the framework put forth by Cerling (Cerling; 1984; Cerling et al., 1989; Cerling and 
Quade, 1993).  The carbon isotopic composition of soil carbonate is interpreted in terms 
of the proportion of C3 and C4 vegetation present at a location, recognizing that formation 
depth of soil carbonate and soil respiration rates are extremely important considerations.  
A first order assumption is that C4 plant ecosystems are dominated by tropical grasses, 
and are most successful under conditions of water stress, low elevation, low 
concentrations of atmospheric CO2, and warm growing season (Ehleringer et al., 1997).  
The oxygen isotope composition of soil carbonate relates to the isotopic composition of 
soil water and the temperature of carbonate formation.  These confounding variables are 
further complicated by processes that modify the composition of soil from that of 
meteoric water (i.e., evaporation).  Thus, oxygen isotopic data must be interpreted as a 
balance between precipitation input and soil water evaporation in which the signal is 
modified by the temperature of carbonate formation.  The isotopic composition of soil 
water is, at best, difficult to reconstruct and reconstructing the isotopic composition of 
meteoric water is one step further removed. 
Spatial scale represented by soil carbonate data.  A distinct advantage of 
isotope proxy data from paleosol carbonates is that the signal is integrated over a 
relatively small land area, probably 10–100 m2 (Quade et al., 2007).  The estimated 
proportion of C3 to C4 vegetation is a function of the below ground biomass at this scale, 
and landscape variations in ecosystem composition can be recorded by carbon isotopic 
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 data (cf. Behrensmeyer et al., 2007).  Input to the soil water oxygen isotope system is at a 
similar spatial scale, assuming precipitation as the dominant isotopic contribution. 
Age of soil carbonate on abandoned geomorphic surfaces.  Interpreting soil 
carbonate formed on long-lived geomorphic surfaces presents its own set of challenges.  
The age of the surface and the age of the carbonate are two different parameters, which 
do not have a strict relationship.  Soil formation continues from the inception of these 
land surfaces to present, and isotopic data may realistically integrate this whole period, or 
some unknown portion of it.  Given the age of many of theses surfaces, soil carbonate can 
record 0.1–1.0 Ma of time.  This is a period long enough to record long-term ecological 
change as well as incorporate several glacial-interglacial transitions in plant communities.   
Often, the soil carbonate on these surfaces is in the form of laminated pendants which 
underlie cobbles or boulders.  These laminations have measurable isotopic differences, 
and may provide an internal stratigraphic record of carbonate formation.  Temporal 
control on isotopic records derived from ancient geomorphic surfaces in northwestern 
Argentina is poorly established, but given the internal lamination of many soil carbonates 
and accounting for the relative height of a geomorphic surface above the modern river 
level, a crude time series can be constructed.  Concerted effort to establish ages for 
geomorphic surfaces and associated carbonate would improve this situation. 
Lack of age control on geomorphic surfaces does not present the biggest problem with 
extending the isotopic record from ~3 Ma–present.  The soils formed on relict land 
surfaces are fundamentally different from those in the stratigraphic record (Figure 1.9).  
These two types of soil carbonate form in different landscape positions.  Paleosols in the 
stratigraphic record are generally interpreted to have formed on floodplains or alluvial  
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Figure 1.9:  Modern soil forming environments in northwestern Argentina; a) floodplain 
soil in which water availability results in a riparian ecosystem, b) soil on a relict land 
surface, isolated from the modern depositional system and from range-front topography, 
resulting in protracted soil formation under water limiting conditions.  The surface in b) 
is composed of basalt boulders unconformably overlying Pliocene (~3.5 Ma) sandstones. 
 
 
plains.  These soils form in aggradational sedimentary settings during periods of reduced 
sedimentation.  Eventually a sedimentary event(s) buries the soil and largely quenches 
formation processes.  In this manner, paleosols represent a discrete period of formation 
that is associated with fluvial or alluvial sedimentary systems at topographically low 
points in the landscape.  These sedimentary systems implicate a nearby water source, at 
least intermittently, and exert some control over vegetation.  This is quite distinct from 
soil formation on abandoned geomorphic surfaces, which is protracted and occurs on 
local topographic highs isolated from modern hydrological catchments.  The ecology of 
these surfaces is different than that on adjacent floodplains. 
Isotopic interpretation of soil carbonate on geomorphic surfaces.  As 
discussed, the interpretation of carbonate isotopic data from soils on long-lived 
geomorphic surfaces is hampered by problems of age control and landscape ecology.  
Two specific issues related to the isotopic composition of soil carbonate can be identified.  
Firstly, the ecology of high geomorphic surfaces can be quite different from that of 
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 nearby environments; this is particularly notable in the Santa Maria valley where the 
cactus Trichocereus atacamensis (pasacana) is limited to upland hillslopes, pediments, 
and terraces (cf. Figure 1.4b).  This large cactus employs Crassulacean Acid Metabolism 
(CAM) photosynthesis.  All cacti use this photosynthetic pathway to acquire atmospheric 
CO2 for growth, yet the specific implications of CAM photosynthesis for carbon isotope 
studies of plant tissue are still being delineated (Dodd et al., 2002; Black and Osmond, 
2003; Griffiths et al., 2007; English, 2008).  Carbon isotope discrimination of CAM 
plants is intermediate to that of C3 and C4 plants, thus, soil carbonates with significant 
CAM contributions are not interpretable with a C3/C4 mixing model.  Practically 
speaking, humid C3 ecosystems can be positively identified, but the isotopic signatures of 
water-stressed C3 plants, CAM plants, and C3/C4 mixtures are very similar. 
Trichocereus atacamensis is a particularly drought tolerant species which prefers 
well drained soils.  The surfaces which host T. atacamensis are covered by coarse 
alluvium and consequently well drained.  This soil physical property raises two 
difficulties in interpreting isotopic data: 1) these high permeability soils are much more 
susceptible to soil water evaporation (oxygen isotopic effect), and 2) the combination of 
high permeability and low soil respiration rate raises concerns of atmospheric CO2 
contributions to soil carbonate (carbon isotopic effect). 
Stable isotopes in tooth enamel.  Both observational (Cerling and Harris, 1999) 
and experimental data (Passey et al., 2005a) document a predictable carbon isotope 
relationship between diet and tooth enamel.  This implies that tooth enamel is a faithful 
recorder of diet in modern environment.  Fossil tooth enamel retains a robust record of 
dietary composition, even under strong diagenetic influence (Wang and Cerling, 1994).  
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 As such, a number of ecological and paleoecological questions can be generated and 
addressed.  Dietary specialization is commonly documented, and it is shown that grazing 
animals such as horses were among the first herbivores to adapt to the ecological 
expansion of C4 grasses in the late Miocene (Wang et al., 1994; Passey et al., 2002).  By 
selective feeding, herbivores can document the presence of C4 vegetation when soil 
carbonate data are difficult to interpret.  Behavioral differences among herbivores provide 
a proxy for mixed C3/C4 ecosystems that is also unambiguous.  Comparison of tooth 
enamel and soil carbonate data yields complementary information on the landscape scale 
distribution of plants using different photosynthetic pathways.  This approach is 
necessary to understand local and regional paleoecologic complexities, cast them in a 
global context, and to address the influence of growing topography on the late Miocene 
and Pliocene ecology of northwestern Argentina. 
Isotopic time series in tooth enamel.  Serial analysis of modern and fossil teeth 
provides valuable insights into short term temporal changes in the diet and body water 
composition of herbivores (Passey and Cerling, 2002; Passey et al., 2005b).  The ability 
to recover a high resolution time series from a single tooth presents several opportunities 
for understanding paleoclimate and paleoecology.  Temporal variation within a tooth may 
record ancient seasonality, though with larger mammals migration is a confounding 
variable.  Analysis of small mammal fossils can increase confidence that the dietary 
signal is locally derived and that migration is a secondary concern.  The home range of a 
small mammal is greater than the land area typically integrated by soil carbonate isotopic 
data and significantly less than that for large mammals.  Given the richness of the South 
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 American fossil rodent record (Simpson, 1980), and their under-representation in isotopic 
datasets, an effort was undertaken to incorporate small mammals into the study. 
Laser ablation isotopic analysis of tooth enamel.  Small teeth can be difficult to 
analyze by common phosphoric acid digestion methods, which typically require in excess 
of 500 µg of tooth enamel.  Careful analysis by laser ablation produces carbon isotope 
results in agreement with conventional analyses and permits high spatial resolution 
sampling of small teeth (Passey and Cerling, 2006).  More than 1/3 of the fossil teeth in 
this dissertation were analyzed by laser ablation.  This has reduced the bias of the isotopic 
record towards large mammals and successfully identified high resolution variation is the 
diet of small mammals (Figure 1.10).  These data have also filled in the stratigraphic 




Figure 1.10:  Laser ablation of small teeth: a) sample Arg-246, ~3.5 Ma hegetothere 
notoungulate tooth, each row of ablation craters corresponds to an isotopic analysis, and 
b) resultant isotopic profile, size of symbols approximates precision. 
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Geochronology of volcanic ash beds 
Volcanic ash beds are common in the late Miocene and Pliocene continental 
deposits along the southern margin of the Puna plateau.  Age data for volcanic ash beds 
are not as numerous as for volcanic rocks on the Puna, but radiometric age estimates for 
the eruption and deposition of high silica volcanic ashes are available.  This constrains 
the age of deposits and fossils in the region, but few studies have undertaken a systematic 
approach to dating strata in the region.  At Puerta de Corral Quemado, 2 km of strata with 
a magnetic polarity stratigraphy and multiple dated ash beds (via the K-Ar and 40Ar/39Ar 
methods) is the principal section of this dissertation (Butler et al., 1984; Latorre et al., 
1997).  To the south, in the Fiambalá basin, recent stratigraphic work has been 
undertaken with U-Pb zircon geochronology; these results constrain the age of the strata 
(Carrapa et al., 2008), and have improved chronological control of formation boundaries 
(McPherson, 2008).  To the north, in the Angastaco basin, U-Pb zircon geochronology 
has also successfully improved age control of Mio-Pliocene strata and documents time-
transgressive formation boundaries (Bywater-Reyes et al., 2010). 
Integration of this age data into a coherent framework for the region is the 
principal aim of the geochronological efforts in this dissertation.  When possible, 
stratigraphic sequences of volcanic ash beds have been collected and geochemically 
analyzed.  Sequences of ash beds which contain one or more absolute ages can provide 
chronological control at other localities via identification and correlation of chemically 
similar ash beds.  Volcanic glass has been separated and analyzed for its major, minor, 
and trace element composition to accomplish this.  In concert, selected ash beds have 
been dated by 40Ar/39Ar geochronology. 
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 40Ar/39Ar geochronology.  When the strata of interest are of unknown or poorly 
constrained age, minerals have been separated for 40Ar/39Ar geochronology from 
intercalated tuffs.  Mineral separates were analyzed by single crystal laser fusion at the 
Rare Gas Geochronology Laboratory, University of Wisconsin-Madison.  When possible 
sanidine was used, and provided excellent results.  In the age range between 2.0–5.5 Ma, 
fully propagated external uncertainty at the 2σ level is ~0.2% of the measured age.  A 
sanidine dated at 9.1 Ma is slightly less precise, yielding an uncertainty > 0.3%.  Sanidine 
from a young ignimbrite (44 ka) exposed on the Puna plateau yielded an uncertainty of 
~5%.  For 40Ar/39Ar work, the precision and accuracy of sanidine is unsurpassed. 
Unfortunately, sanidine is not always present, and other minerals must be 
employed for age dating.  Coeval biotite-sanidine ages provide a basis for testing the 
fidelity of biotite 40Ar/39Ar geochronology in the region.  The oldest age measured was a 
9.4 Ma biotite age from the same sample that yielded a 9.1 Ma sanidine age.  The biotite 
age is nearly as precise, but its accuracy is in question.  The > 300 ka discrepancy is 
similar to bioitite-sanidine age discordances identified throughout the region (Hora et al., 
2010) and suggests that 40Ar/39Ar analysis of biotite should be avoided if possible. 
Plagioclase feldspar is an alternative to sanidine; however, 40Ar/39Ar ages are an 
order of magnitude less precise, yielding external 2σ uncertainties of 2–3% at 4 Ma.  The 
uncertainty obtained for plagioclase (±100 ka) is equivalent to that obtained by U-Pb 
zircon results, and the two methods are in excellent agreement within the study area.  
Plagioclase is the most common and abundant mineral in the volcanic ash beds sampled; 
therefore, its inherent precision may dictate the temporal resolution of the geologic record 
in unfavorable circumstances. 
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 Major element composition of volcanic glass.  Broad patterns are discernable in 
the chemical composition of volcanic glass separated from ash beds (Figure 1.11).  
Nearly all analyzed samples are rhyolites or dacites following the total alkalis vs. silica 
classification of Le Bas et al. (1986).  Dacitic ash beds are characterized by the highest 
Fe2O3 and CaO values, in addition to high Al2O3, TiO2, and MgO concentrations.  
Rhyolitic ash beds have the lowest Fe2O3 and CaO values, and the highest SiO2 content.  
Ash beds of intermediate composition and character are termed rhyodacites in this 
dissertation.  The average composition and the mineralogy of ash beds are valuable 
descriptors, but microanalysis is imperative to document and account for shard-to-shard 
variation in composition.  The intershard pattern of Fe2O3 and CaO, as determined by 
electron probe microanalysis, can be characteristic for a given ash bed, and is especially 
useful for identifying multiple compositional modes (Figure 1.11). 
Rhyolite ash beds.  Typically, rhyolite ash beds contain only a single 
compositional mode and can be differentiated from one another on the basis on Fe2O3 and 
CaO alone.  In some instances, ash beds with nearly identical patterns in Fe2O3-CaO 
space can be differentiated by minor element concentrations (cf. Figure 1.11a).  In this 
dissertation TiO2, MnO, MgO, BaO, Cl, and F are shown to be sufficient to successfully 
distinguish rhyolitic ash beds.  Most rhyolite ash beds fall within a limited range of Fe2O3 
and CaO contents (~0.4–1.0 weight %), so positively identifying unique compositions in 
this field requires as much information as possible.  Some ash beds have truly unique 
chemistry.  In the Fiambalá basin, a low CaO composition has the highest measured MnO 
content and in the Santa Maria valley a sequence of high Fe2O3 rhyolites have the highest 
measured F contents (Figure 1.11d,f).   
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Figure 1.11:  Intershard variation of volcanic glass as documented by electron probe 
microanalysis; a) two rhyolitic ashes indistinguishable by patterns of Fe2O3 and CaO 
variation, but differentiable by Cl and slightly different CaO content, b) rhyodacite ash 
bed with bimodal composition, c) dacite ash beds illustrating polymodal composition, 
less common unimodal composition, and typical TiO2/MgO covariance, d) all shards 
from the Fiambalá basin, predominantly rhyolite and dacite compositions, e) all shards 
from the Corral Quemado basin demonstrating numerous occurrences of all three types of 
ash beds, and f) all shards from Santa Maria valley illustrating predominatly rhyodacite 
and rhyolite compositions and the absence of dacite ash beds. 
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 Rhyodacite ash beds.  Although not strictly defined, the term rhyodacite as used 
herein is a useful descriptor for ash beds which have compositions intermediate to those 
strictly defined as rhyolites or dacites.  Glass of rhyodacitic composition has higher Fe2O3 
and CaO values than rhyolite glass.  Several patterns of shard-to-shard variation also 
serve to distinguish these ash beds.  Rhyodacite ash beds may contain glass composition 
characterized by two discrete compositional modes (Figure 1.11b).  These compositional 
modes are generally apparent on the basis of SiO2, Al2O3, Fe2O3 and CaO.  TiO2 or MgO 
may also identify the compositional modes, but this is not always the case and variation 
of these elements is greatly reduced relative to true dacites.  It is hypothesized that 
strongly bimodal rhyodacite ash beds are the products of zoned, perhaps stratified, 
magma chambers.  Another common pattern of rhyodacite ash beds is strong intershard 
variation in Fe2O3 and/or CaO, such that the range could easily encompass several 
compositional modes, but none are identified.  For these ash beds, intershard patterns in 
Fe2O3-CaO space can have a distinctive orientation, which may reflect processes of 
mineral growth in the evolving magma. 
Dacite ash beds.  The low SiO2 content (often <70 weight %) of dacitic volcanic 
glass is inversely correlated with Al2O3, Fe2O3, CaO, TiO2, and MgO contents.  These 
variations are strong, and can span more than one weight % in Fe2O3-CaO space.  This 
variation is often manifested in a series of compositional modes, such that some of these 
ash beds are termed polymodal (Figure 1.11c).  Insufficient analyses have been obtained 
to adequately define these ‘modes’.  Such patterns may emerge with additional data; 
however, some dacite ash beds have unimodal compositions.  High, and covarying, TiO2 
and MgO values may be the most universal characteristic of dacite glass. 
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 Regional patterns in ash bed composition.  Several simple observations 
regarding the geographic distribution of volcanic ash beds are instructive.  Firstly, the 
majority of ash beds are of rhyolitic composition.  Rhyodacite and dacite ash beds are 
subordinate.  Of these, rhyodacite ash beds are thicker and more widespread in their 
distribution.  Dacite ash beds are typically preserved as thin lenses and no long distance 
correlations have been established.  Based upon these observations, it is suggested that 
dacite eruptions are typically smaller, and perhaps less explosive.   
Dacite volcanoes may be restricted to the volcanic arc or to isolated back-arc 
centers; their distribution appears to reflect this.  The Santa Maria valley is furthest from 
the volcanic arc and no dacite ash beds are documented there (Figure 1.11f).  The Santa 
Maria valley is characterized by the highest proportion of rhyodacite ash beds, and by the 
presence of a short sequence of distal rhyolite ashfall deposits characterized by high 
Fe2O3 and F contents.  Most ash beds in Santa Maria valley are assumed to have derived 
from large silicic eruptive centers on the Puna plateau.  Ash beds preserved in the 
Fiambalá basin are mostly rhyolites, with rhyodacite and dacite ash beds approximately 
equivalent in abundance.  Fiambalá is the closest locality to the volcanic arc and therefore 
interpreted as indicative of ashes derived from the arc.  Geographically, the Corral 
Quemado basin is intermediate between Fiambalá and Santa Maria, and the record of 
explosive volcanism there reflects this.  Ash beds at Corral Quemado yield correlations to 
both Fiambalá and Santa Maria, but no direct correlations have yet been identified 
between Fiambalá and Santa Maria.  Each basin appears to yield a record of explosive 
volcanism which is dominantly local; these changes are observed at a spatial scale of 
~100 km. 
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 Trace element composition of volcanic glass.  Some trends in trace element 
composition of volcanic glass are observed, but data are not nearly as extensive as for 
major elemental composition.  Glass data confirm the basic compositional patterns 
determined from analysis of ignimbrite samples in the region (Schnurr et al., 2007; Kay 
et al., 2010).  Comparison to data from whole rock ignimbrite samples is not equivalent 
because the samples are fundamentally different material, but some potential correlations 
from distal ash beds to proximal ignimbrites have been identified on this basis.  In the 
future this may become more tractable as additional source regions are identified and 
trace element concentrations in glass can be used predictively. 
Ash beds with similar major element composition often have similar trace 
element chemistry.  For this reason, differentiating ash beds on trace element data is not 
always straightforward, though small differences in trace element content appear to 
reliably distinguish ash beds.  Building confidence in the robustness of small trace 
element variations within and between ash beds is crucial.  Importantly, trace elemental 
compositional variation, laterally or vertically, within a volcanic ash bed is observed to 
be small, even for ash beds which are zoned in major element composition.  Trace 
element data have proven very useful, but the methodology employed relies on samples 
with well characterized intershard variation.  This is because 30 mg aliquots of volcanic 
glass concentrates are digested and analyzed as a bulk sample.  Trace element analysis of 
individual shards by laser ablation might be employed when several compositional modes 
are documented in an important sample, but this still relies on abundant electron probe 
data to characterize the population of glass shards.  Electron probe analysis must be used 
to understand how data are being averaged and which samples carry a primary signal. 
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 Sedimentary mixing of volcanic glass.  Most of the volcanic ash beds in 
northwestern Argentina display some evidence of sedimentary reworking.  That is, very 
few ash beds are primary ashfall deposits.  Fluvial and eolian processes mix foreign 
material, volcanic or otherwise, with primary eruptive material.  These processes can be 
assessed by analysis of individual glass shards and the resultant data can be used to 
determine whether the measured compositions are petrologically related, or the result of 
sedimentary mixing.  These interpretations influence potential correlations, and 
determine which samples are promising for trace element work.  With broad petrologic 
patterns of volcanic glass chemistry established, several examples are drawn upon here to 
illustrate the situation (Figure 1.12).  These examples reinforce the need for careful 
sample selection, analysis of large glass shard populations, and detailed analysis of data. 
At the principal section in the Corral Quemado basin, there is a ~300 m thick 
interval of laterally extensive coarse sandstone bodies.  This interval is interpreted as 
strata of a braided river system, and numerous volcanic ash beds are present.  The 
stratigraphic relationships between many of these ash beds are difficult to document 
because they are exposed for only several hundred meters along strike in an almost 5 km 
wide panel of coarse sandstone.  A 2 km long lateral transect in this interval, assumed to 
be the same ash bed, yielded at least three distinct compositions (Figure 1.12a).  The first 
two samples are unimodal, but their Fe2O3, TiO2, and MgO contents are distinct.  The 
third sample yields a composition equivalent to the second sample, and another 
population of glass shards that appears to derive from an unrelated polymodal dacite.  
This is interpreted as resulting from sedimentary mixing.  This interpretation is supported 
by the fourth sample, which contains only a few shards similar to the first sample. 
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Figure 1.12:  Compositional populations within volcanic ash beds resulting from 
sedimentary mixing, a) samples evenly spaced along a 2 km lateral transect assumed to 
be the same ash bed, b) vertical transect through an ash bed containing finely laminated 
sediment and paludal carbonate, c) samples with low initial glass concentration. 
 
Similarly, a vertical transect through an ash bed yields at least one definite 
compositional mode and some ambiguous compositional groups (Figure 1.12b).  The 
basal sample constitutes a well defined population, but four samples in the 8 m above it 
have minimal overlap with this population.  The upper samples may define additional 
compositional modes associated with the base of the ash bed, but sedimentary processes 
have clearly also mixed in a number of apparently unrelated compositions.   
Samples of ash beds containing >50% volcanic glass are generally less likely to 
yield complicated results, but this is not always the case.  Alternatively, some samples 
with a minor volcanic glass component can yield robust and interpretable results.  One 
such example is a thin tuffaceous horizon in Pliocene gravels which was essentially 
unimodal and can be correlated to other localities (Figure 1.12c).  This stands in contrast 
to a Miocene eolian sandstone with ~1% glass, which appears to be a complex mixture. 
34
 Volcanic ash beds as structural datums.  Volcanic ash beds provide 
chronological horizons for stratigraphic studies; however, once their age has been 
established the attitude (strike and dip) of the ash bed provides valuable structural 
information as well (Figure 1.13).  Assuming that deposition was close to horizontal, 
inferences made from current orientation can be used to constrain the location, timing, 
and magnitude of upper crustal deformation.  This is the most promising approach to 
study deposition and deformation of poorly bedded conglomerates in the region. 
 
 
Figure 1.13:  Volcanic ash beds in the Corral Quemado basin, illustrating their utility as 
structural datums; a) prominent ash bed at the 482 m level in the Puerta de Corral 
Quemado (PCQ) stratigraphic section, b) latest Miocene ash bed, dipping ~15° to the 
SSW at San Fernando, c) view from the upper PCQ section to the prominent Toba Corral 
Quemado (8 km), which delineates a syncline in coarse sandstones and conglomerates.  
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 Structure of the dissertation 
This dissertation is organized into three principal chapters, each focused on a 
different set of questions relating to the Miocene-Pliocene development of the 
southeastern Puna plateau margin.  Data collected during the course of this dissertation 
are fully documented in the appendices, but not necessarily discussed in the text.  Data 
are drawn upon as needed in each chapter.  As a whole, the goal of this dissertation is to 
provide geological constraints on the tectonic, climatic, and ecologic evolution of the 
southeastern Puna plateau margin during the late Miocene and Pliocene epochs. 
Chapter 2 develops a synoptic paleoecologic reconstruction in the region 
between 9–3.5 Ma.  This work is undertaken in the 2.5 km thick stratigraphic section 
exposed at Puerta de Corral Quemado.  This was the location of early biostratigraphic 
studies (cf. Marshall and Patterson, 1981), in addition to the most detailed 
chronostratigraphic study in the region (Butler et al., 1984) and a long paleosol carbonate 
record with the highest resolution in the region (Latorre et al., 1997).  For these reasons, a 
detailed paleoecologic analysis was pursued at this locality.  Stable isotope data from 
diagenetic, paleosol, and fossil tooth enamel carbonate are compared throughout the 
section with the following questions in mind: 1) is the late Miocene expansion of C4 
grasslands in northwestern Argentina synchronous with the global record?, 2) how was 
this ecological expansion modulated by growing orographic barriers?, and 3) what 
landscape-scale ecological patterns existed in the region during the late Miocene and 
early Pliocene? 
Chapter 3 puts forth a regional geochronological framework for the latest 
Miocene and early Pliocene.  This framework is based upon isotopic dating and 
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 geochemical characterization of volcanic ash beds.  A composite tephrostratigraphy is 
developed for the upper section at Puerta de Corral Quemado and correlations to volcanic 
ash beds in the Fiambalá basin are proposed.  Identification of widespread ash beds 
permits their use as both stratigraphic and structural datums.  When each datum is 
considered within a coherent geochronological framework, analysis of spatial and 
temporal variation in tectonic and sedimentary processes becomes tractable.  Following 
this approach several questions are addressed at Puerta de Corral Quemado and Fiambalá.  
The timing and style of the Plio-Pleistocene contractional deformation that exposed the 
study sections is addressed, as is the timing of deposition for coarse conglomeratic 
deposits capping most stratigraphic sections in the region.  Both of these are interpreted 
as proxies for plateau margin uplift; and thereby constrain the recent tectonic history of 
the southeastern Puna. 
Chapter 4 extends the geochronological framework northward to Vallé Santa 
Maria, and explores regional variations in paleosol carbonate isotopic data within this 
framework.  Short sequences of paleosol carbonate data from Fiambalá are compared to 
the Puerta de Corral Quemado record.  The longer paleosol carbonate record from Vallé 
Santa Maria is also assessed, with emphasis on the portions of the record that can be 
confidently correlated to Puerta de Corral Quemado.  In total, data spanning ~200 km 
kilometers from north to south are incorporated into a regional stable isotope record 
spanning 10 Ma–present.  This regionally integrated record is most robust between 8.5–
3.5 Ma, a period of time coincident with global change in terrestrial ecosystems (Cerling 
et al., 1997) and with the hypothesized rapid uplift of the Altiplano plateau (Hoke and 
Garzione, 2008). 
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 Chapter 5 summarizes the results of Chapters 2, 3, and 4.  These results are 
contextualized with respect to the geologic and tectonic setting as laid forth in this 
chapter.  Major conclusions derived from the late Miocene and Pliocene geological 
record of the southern Puna plateau margin are synthesized.  Outstanding problems are 
identified, and exciting questions are formulated. 
Appendix A hosts the background stratigraphic and geochemical framework of 
the dissertation.  The location, identity, composition, and age of important stratigraphic 
markers are documented.  Electron probe microanalysis (EPMA) data for volcanic glass 
are presented in a stratigraphic framework.  Trace element data for volcanic glass, 
measured by Inductively coupled plasma mass spectrometry (ICP-MS), and 40Ar/39Ar age 
estimates for minerals are reported by sample number and can be referenced to the 
stratigraphic framework in this way. 
Appendix B contains all stable isotope data gathered from northwestern 
Argentina.  This includes analysis of a variety of materials (water, carbonate, and tooth 
enamel) ranging in age from Miocene to modern.  Geographic coordinates, and 







STABLE ISOTOPE ECOLOGY ACROSS THE MIOCENE-PLIOCENE  
BOUNDARY; PUERTA DE CORRAL QUEMADO 
 
Introduction 
The late Miocene hosts a rich record of environmental change in terrestrial 
environments.  The global nature of the environmental change is evidenced, in part, by 
stable isotope proxies from most continents.  Late Miocene expansion of plants using the 
C4 photosynthetic pathway is frequently documented in locales where these plants 
currently comprise an important proportion of modern ecosystems (Cerling et al., 1997; 
Latorre et al., 1997; Passey et al., 2009).  C4 plants are particularly successful in tropical 
and temperate latitudes where monsoonal climates (abundant summer rainfall) dominate.  
A high proportion of plant cover in grassland and savanna environments is attributable to 
the C4 pathway.  The late Miocene expansion of C4 ecosystems is a global phenomenon; 
yet potential differences in the timing, magnitude and rate of ecologic change raise 
questions regarding regional and local response to global change (Fox and Koch, 2004). 
Having established a detailed stratigraphic framework through a section in 
northwestern Argentina it is possible to compare stable isotope proxies for plant cover 
and mammalian diet across the Miocene-Pliocene boundary (cf. Koch, 1998).  The 
stratigraphy is based on volcanic ash beds collected from a 2.3 km thick section at Puerta 
de Corral Quemado (PCQ) in Catamarca Province, northwestern Argentina (Figure 2.1).  


















































































































Volcanic ash beds and sandstone marker beds which have known relations with the 
paleosol carbonate record from PCQ (Latorre et al., 1997) permit analysis at high 
stratigraphic resolution.  Within this framework, the nature of Miocene-Pliocene 
ecological change in the region is addressed through analyses of δ13C and δ18O in enamel 
of fossil teeth collected from the PCQ section.  Stable isotope ratios were analyzed by 
conventional methods, and also by laser ablation.  Laser ablation enables analysis of 
small and delicate teeth, thereby removing some of the sampling bias inherent to stable 
isotope studies of fossil collections. 
The presence of plants using the C4 photosynthetic pathway, as detected by the 
carbon isotope ratio of paleosol carbonate or fossil tooth enamel, is a proxy for 
environmental conditions in which C4 plants are ecologically successful.  These 
parameters include low mean annual precipitation, low atmospheric CO2 concentrations 
and warm growing season (Ehleringer et al., 1997).  Warm growing seasons are a result 
of numerous factors including low latitude, low elevation, and monsoonal precipitation.  
The modern geographic and climatic setting of the studied section is favorable for 
recording the Miocene-Pliocene history of C4 biomass in the region.  Regional studies 
indicate a strong elevational gradient in modern C4 plant abundance, and PCQ is 
currently near the upper limit for C4 dominated ecosystems (Cabido et al., 1997).  At 
present, C4 plants comprise a small proportion of subsurface biomass locally.  
Regionally, paleosol carbonate studies have documented a complex ecological history 
over the last 10 Ma; possibly modulated by the growth of orographic barriers during the 
Pliocene (Kleinert and Strecker, 2001; Latorre et al., 1997).  Comparison of stable 
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 isotope proxies for C4 vegetation within discrete stratigraphic intervals is an opportunity 
to evaluate the spatial and temporal dynamics of ecologic change. 
The goals of this study are to: 1) assess the proliferation of C4 ecosystems in the 
southern Central Andes as a means of constraining Miocene-Pliocene climate and 
ecology in the region, 2) compare this to the global record of C4 expansion and evaluate 
possible local or regional controls on C4 plant distribution , and 3) provide a coherent and 
accessible chronostratigraphic framework, based upon the geochemical characterization 
of volcanic ash beds, for use in studies by other workers concerning tectonic, climatic, or 
ecologic questions. 
 
Materials and methods 
 
Geochemical characterization of volcanic ash beds 
Volcanic ash beds were characterized and correlated based upon the elemental 
composition of volcanic glass.  Glass separates were prepared for electron probe 
microanalysis (EPMA) by ultrasonic treatment of the 125–250 µm fraction in 10% 
HNO3, 5% HF, and distilled water.  When necessary, the glass fraction was concentrated 
by standard magnetic and density methods prior to being mounted in epoxy, polished, 
and carbon coated.  Analysis of major and minor elements was carried out on a Cameca 
SX-50 microprobe using methods described by Nash (1992).  Typically, 20 glass shards 
per sample were analyzed and incorporated into average values (Appendix A). 
 
Stable isotope analysis of carbonate by acid digestion 
Paleosol, diagenetic, and tooth enamel carbonate were analyzed using an online 
carbonate device, the Finnigan Carboflo.  Samples were reacted in 100% H3PO4 at 90°C 
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 and the evolved CO2 was cryogenically purified prior to analysis via a dual inlet and 
micro-volume coldfinger on a Finnigan MAT 252 at the University of Utah.  Internal 
carbonate and tooth enamel standards, calibrated to NBS-19, were used to correct 
measured values relative to the PDB scale.  This correction is small for carbon isotope 
ratios and indicates comparable results irrespective of analytical session.  Apparent acid 
fractionation factors for the oxygen isotope ratio of CO2 liberated from tooth enamel 
apatite were calculated separately for modern and fossil enamel using equations 
presented in Passey et al. (2007).  Tooth enamel standards analyzed during the study had 
a 1σ standard deviation of 0.09‰ for δ13C and 0.16‰ for δ18O.  This estimate of 
precision is in agreement with the average absolute difference between duplicate analyses 
of unknowns (δ13C = 0.07‰, δ18O = 0.31‰, n = 7). 
A subset of tooth enamel powders was chemically pretreated in ~3% H2O2 for 15 
minutes and 0.1 M glacial acetic acid for 15 minutes.  Pretreatment is intended to remove 
organic material and non-enamel carbonate, but in many cases has little effect on the δ13C 
values (Levin et al., 2008; Passey et al., 2002).  In this study, treated enamel is depleted 
in 13C by ~0.13 ± 0.20 ‰ and enriched in 18O by ~0.39 ± 1.00 ‰ relative to untreated 
enamel (n = 20).  Comparison between untreated enamel and various organic materials 
demonstrates an opposite relationship.  Enrichment in 13C (1.05 ± 0.71‰) and depletion 
in 18O (1.77 ± 1.58 ‰) is observed in dentin, cementum, and the red coating on rodent 
incisors relative to adjoining tooth enamel (n = 11).  Non-enamel tooth materials may 
have different isotopic compositions initially, or they may be diagenetically altered.  
Fossil enamel is less affected by treatment than modern enamel, suggesting that 
contamination by organic tooth material may be a more important consideration than 
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 non-structural carbonate.  Our effort to sample as many teeth as possible resulted in most 
analyses deriving from untreated tooth powders.  When a tooth was too small or delicate 
to physically isolate tooth enamel from the adjoining organic material laser ablation 
methods were employed. 
 
Stable isotope analysis of tooth enamel by laser ablation 
A subset of fossil tooth enamel samples was analyzed using thermal laser ablation 
methods.  Analysis by laser ablation allows incorporation of small mammals into the 
study, and additionally permits intratooth analysis of these specimens.  Of the 43 samples 
analyzed for this study, 9 individuals were previously reported in a publication detailing 
the analytical method (Passey and Cerling, 2006).  These data showed that laser δ13C 
values are comparable to conventional phosphoric acid digestion within 0.5‰ and 
sufficient for the reconstruction of the fraction of C3 vs. C4 plants in the diet. 
Later work on the same system observed a 1.9 ± 0.4 depletion in 13C relative to 
acid digestion (Podlesak et al., 2008).  A similar depletion in laser δ13C values is noted 
for some samples analyzed herein (Arg-103, Arg-106; Appendix B).  Passey and Cerling 
(2006) clearly show that quantitative CO2 yield is not achieved during ablation and that 
depletion of 13C occurs at low laser power.  Fractionation of 12C into the CO2 analyte and 
13C into melt-forming condensate may occur during ablation, particularly at low laser 
power.  The analytical strategy was to utilize laser power near the low end of optimal 
analytical conditions (~5 W) and to increase the number of ablation events as needed to 
achieve sufficient CO2 for analysis.  Primarily, this strategy compromises spatial 
(temporal) resolution.  Any fractionation during ablation should lead to systematically 
depleted δ13C values and thus does not jeopardize conservative identification of fossil 
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 taxa consuming C4 plants.  Laser ablation δ13C data are reported relative to the PDB 
standard and these results are discussed together with those from acid digestion. 
δ18O laser values are measured in CO2 deriving O from the phosphate, carbonate, 
and potentially the hydroxyl components of tooth enamel.  The mixing of these 
components and the nonstochiometric yield of oxygen in the CO2 analyte obfuscates the 
relationship between laser values and conventional acid digestion data.  The majority of 
the O analyzed is from the phosphate component of enamel (Passey and Cerling, 2006).  
In general, the phosphate oxygen is believed to be more resistant to diagenetic alteration 
than either the carbonate or hydroxyl oxygen (Zazzo et al., 2004).  Deviation from the 
predicted δ18O offset between laser and acid digestion values may result from incomplete 
mixing of phases or isotopic fractionation during ablation.  Further, the observed 
difference between fossil and modern enamel analyzed by laser ablation may result from 
isotopic exchange of carbonate oxygen or replacement of OH- by F- in fossil enamel 
(Passey et al., 2007).  Laser ablation δ18O values are reported on the PDB scale and are 





Strata of interest belong to the Neogene Santa Maria Group, which also crops out 
extensively in the Santa Maria Valley 100 km NNE of the study area (cf. Figure 2.1).  A 
historical summary and revision of the lithostratigraphic nomenclature is presented by 
Muruaga (2001).  Stratigraphic correlations to the earliest paleontologic work are 
possible, though currently supported by only a few marker beds (Butler et al., 1984; 
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 Marshall and Patterson, 1981).  Magnetostratigraphic and 40K-40Ar data firmly place the 
PCQ section across the Miocene-Pliocene boundary (Butler et al., 1984).  This 2300 m 
thick section was sampled on the north side of Río Corral Quemado.  Subsequently, a 
2300 m section south of Río Corral Quemado (Figure 2.2) was sampled for paleosol 
carbonate and correlated to the magnetostratigraphy by identification and redating of two 
prominent tuffs by 40Ar/39Ar (Latorre et al., 1997).  Together, the paleomagnetic and 
radiometric age contraints on the strata at Puerta de Corral Quemado provide an 
integrated geochronology which bears on biostratigraphic, paleontologic, and stable 
isotopic data. 
Latorre et al. (1997) recorded the stratigraphy of part of the section at PCQ; 
geographic coordinates are established for some of their stratigraphic layers (Table 2.1).  
Ten of these layers are numbered sandstone marker beds; three are prominent tuffs.  To 
ensure proper correlation, samples of eight volcanic ash beds from the study of Latorre et 
al. (1997) were also analyzed.  These establish four additional stratigraphic correlations, 
and provide the basis for the tephrostratigraphy reported here and in Chapter 3. 
 
Tephrostratigraphic framework 
Compositionally, all analyzed glasses are dacite or rhyolite considering their SiO2, 
Al2O3, and alkali content.  The ash beds at PCQ preserve a rich record of volcanism 
through the late Miocene and early Pliocene, and are especially numerous in the upper 
1,000 m of the section.  Analyses of ash beds reported here are only a skeletal framework 
of the potential record, but they all relate directly to previous stable isotope work. 
Electron probe microanalyses of volcanic glass improve correlation of this study 




Figure 2.2:  Stratigraphic section at Puerta de Corral Quemado.  Lithologic column, 
sandstone marker beds, volcanic ash beds, and paleosol carbonate data from Latorre et al. 
(1997).  Formation names and ash bed names are after Muruaga (2001). 
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important ash beds.  Four samples analyzed in duplicate confirm analytical 
reproducibility capable of uniquely identifying ash beds.  Populations of glass shards 
within an individual ash bed are unimodal with two exceptions.  A dacitic ash bed 595 m 
above the base of the section contains at least five compositional modes, identified by 
discrete TiO2, Fe2O3, MgO, and CaO contents.  A rhyodacitic ash bed 1832 m above the 
base has two compositional modes.  All correlations are supported by calculation of the 
statistical distance between analyses using the concentrations of TiO2, Fe2O3, MnO, 
MgO, CaO, and Cl (Perkins et al., 1995; Appendix B).  Full analyses are provided in 
Appendix A. 
The ultimate goal is to examine stable isotope data at high stratigraphic 
resolution; therefore all data are referenced to their stratigraphic level.  The three 
40Ar/39Ar dates on volcanic ash beds reported in Latorre et al. (1997) are known to their 
exact stratigraphic level.  Two of these ages also have a known relationship with the 
magnetostratigraphy presented in Butler et al. (1984).  We refrain from calculating ages 
for intermediate stratigraphic levels because such age estimates are subject to revision as 
new data become available, but the stratigraphic level of each fossil remains constant.  
The only stratigraphic level subject to revision is our estimate of the Miocene-Pliocene 
boundary (1555 m) based upon linear interpolation between two dated ash beds and a 
boundary age of 5.33 Ma (Van Couvering et al., 2000).  In the ensuing text all 
stratigraphic levels are given in meters above the base of the section. 
 
Soil carbonate record 
Several salient features of the paleosol record frame our analysis of tooth enamel 
data (Figure 2).  The first δ13C pedogenic carbonate (δ13Cpc) values > -8.0‰ indicating 
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 the presence of C4 vegetation in a fossiliferous paleosol at 591 m.  Several meters above 
the paleosol, a dacitic ash layer is preserved as a thin discontinuous bed (Arg 131; Table 
2.1).  δ13Cpc values higher than -7.5‰ further confirm the presence of C4 plants at 816 m.  
Latorre et al. (1997) highlight the interval between 591 and 816 m as recording minor 
contributions of C4 biomass to paleosol carbonate, and we adopt this interpretation 
terming it the δ13Cpc C4 first appearance interval.  The largest range in δ13Cpc values 
(2.6‰) is observed between 1300 and 1400 m, coinciding with the first major 
conglomerates in the section.  A series of paleosols beginning at 2149 m record a rapid 
increase in C4 vegetation.  This sharp positive excursion in δ13Cpc values lies above the 
3.66 Ma Toba Corral Quemado (Table 2.1). 
Paleosol carbonate is an in situ proxy for local environmental conditions at a 
relatively small spatial scale (10–100 m2).  As such, sedimentary and stratigraphic 
observations provide complementary information to stable isotope data.  At PCQ, 
Muruaga (2001) uses the two most prominent ash beds to demarcate formation 
boundaries.  This approach is convenient, chronostratigraphically robust, and broadly 
approximates important changes in the sedimentary system.  Strata of the Chiquimil 
Formation below Toba del Puerto record an alluvial environment characterized by sandy 
channels, broad floodplains, and preservation of fossil wood.  Above the Toba del Puerto 
(~ base Andalhuala Formation) sediments deposited on a broad floodplain continue for 
more than 300 m upsection before grading into fining upwards gravel beds.  Only a little 
higher in the section, eolian cross-strata and marlstones indicative of sand dunes and 
shallow standing water become intercalated (Muruaga, 2001).  The upper Andalhuala 
Formation contains extensive bodies of coarse sand indicative of deposition in the distal 
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 reaches of a braided river.  Above the Toba Corral Quemado (~ base Corral Quemado 
Formation) cobble sized clasts become more common and give way upward to massive, 
disorganized conglomerates characteristic of the top of the section.  The stratigraphic 
record of environmental change at PCQ is broadly similar to other localities in the central 
Andes (Strecker et al., 2007a). 
 
Stable isotope results 
Tooth enamel isotope ratios were obtained for 141 individual specimens; 21 
modern and 120 fossil.  Rodents and notoungulates comprise ~85% of the fossil teeth 
sampled.  Many specimens were sampled multiple times to assess the isotopic variation 
within individuals.  To mitigate the bias toward specimens sampled multiple times an 
average value can be assigned to each individual.  However, this approach masks 
potentially important ecological variation within individuals.  The use of maximum and 
minimum values to represent specimens sampled three or more times is explored as an 
effort to capture individual variation while limiting the importance of multiply sampled 
individuals in stratigraphic and numerical analyses (Table 2.2).  This approach is also 
attractive because analysis of the data includes measured values, a criterion not satisfied 
by individual averages.  Each stratigraphic interval is further characterized by the 20th 
and 80th percentile for each population of isotopic data.  Unless otherwise noted, data 


























































































































































































































































































































































































































































































































































































































































































































































































 δ18O composition of tooth enamel and diagenetic carbonate 
Paleoclimatic and paleoecologic reconstructions based upon tooth enamel 
necessitate that the primary stable isotope signature be recovered.  Tooth enamel has low 
porosity and structural carbonate is expected to retain a primary carbon isotope signature 
in most diagenetic environments, whereas oxygen isotope signatures are more vulnerable 
to diagenetic alteration (Wang and Cerling, 1994).  This is consistent with diagenetic 
studies of carbonate rocks and is believed to result from significantly higher molar 
water/rock ratios for oxygen than for carbon (Banner and Hanson, 1990).  Paleosol 
carbonate often preserves primary carbon isotope signatures, but oxygen isotope 
alteration is demonstrated from samples which nonetheless retain a micritic texture (Leier 
et al., 2009).  To address the potential for alteration of the primary isotopic signal, 
diagenetic calcite veins and disseminated carbonate were studied in addition to paleosol 
and fossil tooth enamel carbonate. 
δ18O is more variable in tooth enamel (δ18Oen) than in paleosol carbonate (δ18Opc), 
but the two records exhibit similar stratigraphic patterns (Figure 2.3).  Paleosol and tooth 
enamel carbonate both record 18O enrichment from the late Miocene to the early Pliocene 
of at least 2‰ (Table 2.2).  Diagenetic calcite veins are consistently depleted in 18O 
relative to paleosol and fossil tooth enamel carbonate; whereas disseminated carbonate is 
of similar isotopic composition to paleosol carbonate (Appendix B).  
Based upon paleosol carbonate δ18O values and the isotopic composition of 
modern water in the region, we choose -4‰ (SMOW) as a conservative initial value for 
diagenetic water (Appendix B).  Choosing initial water values < -5‰ (SMOW) or surface 






Figure 2.3:  Oxygen isotope composition of carbonate phases at Puerta de Corral 
Quemado.  The isotopic composition of diagenetic calcite is depicted as a function of 
temperature using fractionation factors from Friedman and O’Neil (1977) where surface 
temperature is 20°C and diagenetic fluids are assumed to have a homogenous isotopic 
composition of -4‰ (SMOW).   
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  approximately the same amount.  Either of these changes precludes calcite precipitation 
at maximum burial depth. 
Diagenetic calcite veins sampled from strata buried more than 2 km have δ18Ocv 
values of -10.4 ± 1.9 ‰ (n=12).  The oxygen isotope ratio of this diagenetic calcite is 
easily distinguished from δ18Oen values observed in fossil teeth buried to an equivalent 
depth (-3.4 ± 2.6 ‰; n=30).  A more convincing test of the fidelity of δ18Oen values is 
afforded by a rodent tooth and adjoining maxillary bone buried to ~1,700 m (Arg 148; 
629 m level).  Diagenetic calcite crystals (δ18Ocv = -9.4‰) growing in porous bone 
adjacent to the tooth are distinct from δ 18Oen values (-3.7‰). 
δ18Ocv data provides constraints on possible deep burial diagenesis because 
isotopic fractionation of oxygen between calcite and water is a function of temperature 
(depth).  Thus, a deep burial diagenetic event with an isotopically homogenous fluid 
could produce the observed stratigraphic trend in δ18O.  To produce δ18O vs. depth slopes 
equivalent to those observed for both paleosol and tooth enamel carbonate would require 
a geothermal gradient as low as 7°C/km.  Use of a more realistic range of geothermal 
gradients (e.g., 15–30°C/km; see Figure 2.3) indicates that calcite veins probably did not 
precipitate at maximum burial depth.  Disseminated carbonate content in sandstones and 
volcanic ash beds ranges between 1–65% and yields δ18O values consistent with paleosol 
carbonate, indicating early diagenetic precipitation rather than deep burial diagenesis. 
Modern tooth enamel is enriched ~1.5–2.0‰ relative to Pliocene δ18Oen values 
and the standard deviation of the modern data is significantly larger (Table 2.2).  Modern 
data were derived from samples within a 10 km radius of PCQ with two exceptions.  A 
horse sampled on the windward flank of the northernmost Sierra Aconquija (~125 km 
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 northeast of PCQ) yields δ18Oen values of -4.0 ± 0.7‰, whereas a vicuña sampled ~90 km 
northwest of PCQ on the Puna plateau has a δ18Oen of 3.5 ± 0.2‰.  Excluding the 
aforementioned data from the modern PCQ subset does not significantly change δ18Oen 
(0.4 ± 2.9‰; n = 24).  Vicuña are believed to be obligate drinkers (Vila and Roig, 1992); 
but the physiological considerations of strong environmental aridity and the possibility of 
evaporatively enriched drinking water preclude strict comparisons with horse data.  
However, it remains clear that PCQ occupies an intermediate position both 
geographically and isotopically. 
 
δ13C composition of tooth enamel 
Endmember C3 and C4 diets are calculated using the strategy of Passey et al. 
(2002; 2009), which accounts for changing isotopic composition of the atmosphere 
through time.  This calculation utilizes the enrichment factor between enamel and diet 
(ε*en-diet = 14.1 ± 0.5 ‰) estimated by Cerling and Harris (1999).  Taxon-specific 
experimental estimates demonstrate that this enrichment factor is applicable to domestic 
cows, ~ 1‰ high for domestic pigs, and at least 2‰ greater than observed for rabbits and 
voles (Passey et al., 2005a).  The latter estimates agree with an ε*en-diet value of 
11.0±0.1‰ calculated for woodrats on a controlled diet (Podlesak et al., 2008).  This 
calculation thus employs a conservative approach to identifying fossil specimens with a 
C4 component in their diet.  Many South American fossils have few extant relatives, so 
little can be inferred about their digestive physiology.  Some fossil rodents distributed 
throughout the section have δ13Cen values more negative than estimates for a pure C3 diet 
and likely indicate a digestive physiology characterized by ε*en-diet <14.1‰. 
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 Fossil tooth enamel data record C4 resource availability not observed in soil 
carbonate (Figure 2.4).  This is notable for the extensive fossil collection older than ~7 
Ma, in which 7 of the 59 individuals analyzed, provide positive evidence for the presence 
of C4 plants.  These fossil specimens (Rodentia and Notoungulata), may have acquired C4 
plants in their diet either by selective grazing of limited C4 plants locally or by 
consumption of potentially more abundant C4 resources at other localities.  Relative to the 
paleosol carbonate record these fossils push the first appearance of C4 plants at PCQ back 
from the 591 m level nearly to the base of the section with δ13Cen >-6.0‰ at the 123, 250, 
253, and 350 m levels. 
In the first appearance interval defined by the δ13Cpc record (591–816 m), 4 of the 
20 individuals analyzed record a C4 dietary component.  Again, these specimens are both 
rodents and notoungulates.  The fossil record is especially sparse between 830 and 1200 
m, a long interval of eolian strata.  In total 16 specimens above the δ13Cpc first appearance 
interval and below the inferred level of the Miocene-Pliocene boundary (1555 m) were 
analyzed; all but 4 specimens have δ13Cen values indicating C4 plants in their diet.  Taken 
together, 44% of the fossils between 591 and 1555 m consumed C4 plants; though most 
have δ13Cen values consistent with a minor C4 dietary component.  One fossil tooth at 
1462 m (a mesothere notoungulate) has values approximating a C4 endmember diet. 
Of Pliocene fossils, 13 of 23 indicate C4 plants in their diet.  As a percentage this 
is not markedly greater than for the latest Miocene.  Of these, 5 have δ13Cen > -2.0‰, 
consistent with interpretation as predominantly C4 grazers (MacFadden, 2005).  The 






Figure 2.4:  Tooth enamel carbon isotope composition from Puerta de Corral Quemado.  
Estimates of δ13Cen for taxa consuming C3 and C4 diets follow the strategy of Passey et 
al. (2002, 2009).  Histograms represent the stratigraphic intervals identified in Table 2.2 
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 distribution of δ13Cen values also records some C3 and mixed feeders.  The enriched 
δ13Cen values may represent a group of specialized C4 feeders. 
Modern tooth enamel identifies predominantly C3 and mixed feeders.  All modern 
samples were collected within ~10 km of PCQ, with two exceptions: a horse sampled 125 
km to the northeast (~2750 m elevation), which yields an average δ13Cen value of -12.2 ± 
0.2‰, and a vicuña 90 km to the northwest (~3100 m elevation), which yields an average 
δ13Cen value of -9.2 ± 0.1‰.  Both of these are assumed to represent pure C3 diets owing 
to their elevations.  Most modern taxa sampled at PCQ, i.e., horses and goats, are recent 
arrivals to South America.  Perhaps the best analog to the PCQ fossil record are the 
modern rodents.  Assuming ε*en-diet = 14.1‰ the data indicate a mixed diet dominated by 
C3 plants.  Probably more realistic is an ε*en-diet closer to 11‰, which implies that modern 
rodents have available and consume a mixture of C3 and C4 plants locally. 
 
Intratooth profiles of δ13C and δ18O 
The South American record contains numerous taxa, especially within the 
Rodentia and Notoungulata, with high-crowned (including ever-growing) teeth (Simpson, 
1980).  Along its length a high-crowned tooth preserves an isotopic record of change 
experienced by the animal while the tooth was being formed (Balasse, 2002; Koch et al., 
1989; Passey and Cerling, 2002).  Thus, sample profiles along the length of fossil teeth 
record temporal variations in diet and body water composition (Figure 2.5).  
For this study, intra-tooth profiles of large teeth were drilled at a spatial resolution 
of ~1 mm, and the resulting powder was analyzed for δ13C and δ18O using conventional 
phosphoric acid digestion.  Smaller teeth were sampled serially by laser ablation at a 























Figure 2.5:  Intra-tooth profiles for selected samples.  Laser δ18O data have been shifted 
+5‰ for purposes of visual comparison (cf. Passey and Cerling, 2006).  Taxon, 
stratigraphic height, and analytical method are noted in each panel.  Full data are 
available in Supplementary data 2.  Sample numbers are as follows: a) Arg2002-1, b) 
Arg2002-17, c) Arg2002-22, d) Arg-246, e) Arg2001-50, f) Arg-200, g) Arg2002-5, h) 
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 1–3 days for ever-growing incisors of small mammals (Passey et al., 2005a; Podelsak et 
al., 2008).  Laser profiles reported here may record as little as a few weeks, and should be 
interpreted as capturing short-term changes in diet and body water, likely on sub-seasonal 
timescales for many taxa.  Profiles of larger teeth analyzed by conventional acid digestion 
methods probably represent annual or greater timescales. 
δ13Cen values varied little within any tooth of larger bodied mammals.  Intra-tooth 
1σ standard deviations rarely exceeded 0.5‰, and in every instance near endmember 
diets are indicated.  In the lowest 500 m of the section, dinomyid rodents have average 
δ13Cen values of -9.9 ± 0.6 ‰ and -10.0 ± 0.3 ‰ respectively, while a typothere 
notoungulate has a value of -10.9 ± 0.2‰ (Appendix B).  Mesotheres record a change 
from pure C3 to pure C4 diets between 577 and 1462 m (Figure 2.5).  A Pliocene 
mesothere (1833 m) also has a near endmember C4 diet and confirms an abundance of C4 
plants locally from the latest Miocene through the early Pliocene. 
Smaller bodied mammals, including hegetotheres and rodents, document more 
variable diets (Figure 2.5).  Specifically, teeth analyzed from the hegetothere subfamily 
Pachyrukhinae have the largest ranges in δ13Cen.  A specimen from near the Miocene-
Pliocene boundary has a range of 5.5‰ and one from near the top of the section 
(Paedotherium sp.) has a range of 4.7‰.  Both have mixed diets with substantial C4 
components. 
Rodents from the δ13Cpc first appearance interval at 692 and 800 m have 
isotopically variable, but endmember C3 diets.  Octodontid rodents from the Miocene-
Pliocene boundary have stable diets with a minor C4 component.  Pliocene rodent incisors 
collected immediately below the Toba Corral Quemado (3.66 Ma) appear to record 
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 strong short-term variation in diet.  One incisor indicates a C3 diet and the other a C4 diet, 
both have large intra-tooth ranges (4.0‰ and 3.4‰, respectively). 
Oxygen isotope compositions vary widely between individuals.  Two octodontid 
rodents of similar age and similar diet have δ18Oen values that differ by nearly 5‰ 
(Figure 2.5, panel f,g).  Intra-tooth variation greater than 2‰ is unusual in rodents, but 
hegetotheres have slightly larger ranges.  Oxygen isotope variation in excess of 4‰ is 
noted for Pliocene rodents with large carbon isotope variations.  For these fossils a strong 
correlation between the carbon and oxygen isotope composition of tooth enamel exists.  
A broad 4‰ excursion observed in the mesothere at 577 m presumably formed on annual 
or longer timescales.  This range in δ18Oen values may record either migration or local 
seasonality. 
 
Discussion of stable isotope results 
 
The faunal record at Puerta de Corral Quemado 
The PCQ fossil record contains some of the earliest North American participants 
in the Great American Biotic Interchange (GABI; sensu Webb, 1991).  At PCQ 
Procyonidae are known from below the Toba del Puerto (7.14±0.04 Ma) as well as in 
several higher stratigraphic levels (Butler et al., 1984).  This dispersal represents an early 
wave of North American immigrants prior to the closure of an interoceanic seaway at the 
isthmus of Panama.  Additionally, fossil assemblages of the Huayaquerian and 
Montehermosan South American Land Mammal Ages (SALMA) are in conformable 
superposition at PCQ.  Butler et al. (1984) place this boundary very near the top of the 
eolian interval locally and suggest an age of 6.0 Ma for Argentina.  An estimate of 6.8 
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 Ma for the Huayaquerian/Montehermosan boundary in the Bolivian Altiplano highlights 
potential regional differences in the boundary (Flynn and Swisher, 1995).  At PCQ this 
timespan (6.8–6.0 Ma) encompasses ~600 m of section that correspond to the poorly 
fossiliferous interval including and immediately overlying eolian strata.  Thus, the PCQ 
section is not ideal for establishing this boundary. 
Several observations of the fossil record indicate environmental change through 
the section.  The absolute abundance of fossil teeth decreases upsection (Figure 2.4).  The 
proportion of rodent teeth also increases from 46% in the lowest 590 m of the section to 
68% between 591–1555 m, and 83% for the early Pliocene.  Larger bodied fossil 
mammals including dinomyid rodents, toxodont notoungulates, and litoptern ungulates 
are not known above the base of the δ13Cpc C4 first appearance interval (591–816 m).  
The fossil lineages providing the most continuous records at PCQ, hegetothere and 
mesothere notoungulates and octodontid and chinchillid rodents, are among the taxa that 
never dispersed to North America.  This fact attests to the sub-tropical/temperate 
affinities of the PCQ fauna (Webb, 1991). 
Estimation of C4 dietary component identifies family level differences in the 
timing and extent of diet change among rodents and notoungulates (Figure 2.6).  The 
estimates of C4 dietary component presented are conservative by design; nonetheless, 
strict interpretation of the calculated C4 dietary component is not pursued.  Since relative 
comparisons are always the most robust (given δ13Cen variation due to diagenesis, 
digestive physiology, plant physiology, and changes in the δ13C of atmospheric CO2) 
calculated diets between 0–25% C4 as considered probable signs of a C4 dietary 




Figure 2.6:  Family level diet changes for rodents and notoungulates as a function of 
stratigraphic level.  The C4 dietary component is calculated using the strategy of Passey 
et al. (2002, 2009). 
 
 
the absolute range in δ13Cen values observed for the early Pliocene is strong evidence for 
abundant C4 plants and a stark contrast to the base of the section.  However, to assess 
family-level stratigraphic patterns, estimation of diet composition is advantageous. 
Fossils of the notoungulate family Toxodontidae were among the earliest taxa to 
consume C4 plants, but no specimens have been collected above the 580 m level.  
Mesothere notoungulates (3 specimens) below 614 m had C3 diets, one at 1462 m had a 
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 consistent diet of 70–75% C4 plants and one at 1833 m had a diet between 50–60% C4.  
Based upon dietary composition and estimated body size of mesothere notoungulates 
(20–60 kg; Croft et al., 2004); abundant C4 grasses during the latest Miocene and 
Pliocene are inferred.  Hegetothere notoungulates (5 specimens) below 604 m exclusively 
consumed C3, one at 1437 m records ~40% C4 vegetation in its diet, one at 1561 m 
ranges between 25–75% C4 and one at 2215 m ranges from 20–65% C4.  Hegetothere 
notoungulates are smaller bodied than mesotheres and are characterized by isotopically 
variable diets relative to mesotheres (Figure 2.5).  Both families consume a greater 
proportion of C4 plants near the Miocene-Pliocene boundary than they do higher in the 
section. 
The largest bodied rodents sampled (Dinomyidae) record C3 diets in the lowest 
500 m of the section and are not known from higher in the section.  Rodent fossils of the 
family Caviidae are the first specimens recording consumption of C4 plants.  Four caviid 
rodents record 20–40% C4 dietary component at the 250, 350, 629, and 729 m levels, 
whereas nine specimens below 760 m may have consumed pure C3 diets.  Fossils caviids 
are not known from the middle part of the section, but three specimens above the 2100 m 
level consumed 10–80% C4 plants and give no indication of pure C3 diets.  Octodontid 
rodents are poorly represented in the lower part of the section, but the record from 1500–
2120 m shows that 7 of 9 specimens consumed C4 vegetation.  These octodontid rodents 
indicate a diet containing 0–35% C4 plants, and, as with the notoungulates, maximum C4 
consumption is observed near the Miocene-Pliocene boundary.  In contrast to 
octodontids, the Chinchillidae rodent record is richer for the lower section; 3 of 7 
specimens below 860 m record minor C4 components to their diet (5–20%).  Maximum 
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 C4 consumption is again documented near the Miocene-Pliocene boundary; a chinchillid 
at 1370 m records ~15% C4 and one at 1561 m records ~25% C4. 
For Rodentia the dietary estimates should be viewed as extremely conservative 
for two additional reasons: 1) the enamel-diet isotopic enrichment factor (ε*en-diet = 14.1 
‰) employed may overestimate that for rodents by as much as 3‰ and therefore 
underestimate C4 dietary component by as much as 25%, 2) laser ablation methods may 
bias δ13Cen values by as much as -2‰ and consequently underestimate C4 consumption 
by >15%.  Based upon the consistent occurrence of rodent δ13Cen values depleted beyond 
estimates for C3 diets (Figure 2.4) it is inferred that an enamel-diet isotopic enrichment 
factor less than ~14‰ is most reasonable.  The evidence for 13C depletion associated with 
laser ablation of fossil enamel is minimal and in our view a minor consideration for this 
data (cf. Passey and Cerling, 2006). 
In the absence of additional tooth enamel records in the region, it is difficult to 
determine if the fossil record at PCQ effectively captures the adaptation of fossil taxa to 
C4 food resources or merely the local arrival of these taxa.  A shift in notoungulate diet to 
predominantly C4 food sources is documented to occur between the 600 and 1400 m 
levels at PCQ.  The precise nature and timing of this change is not well documented, but 
volcanic ash beds constrain it to 7.1–5.6 Ma on the basis of 40Ar/39Ar age estimates.  
Notoungulate fossils with pure C3 diets have not been identified after 5.6 Ma suggesting a 
true shift in diet.  Rodents are among the first to consume C4 plants, but an obvious shift 
in diet is not observed.  Several Pliocene rodents appear to have had nearly pure C4 diets, 
though most indicate mixed diets dominated by C3 plants.  Due to their limited home 
ranges, rodents provide isotopic proxies that are more likely to sample an environment 
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 similar to that in which they were preserved (taphonomic considerations excluded).  As 
such Pliocene rodents indicate an abundance of both C3 and C4 plants. 
Understanding small scale spatial patterns in plant communities is aided by laser 
ablation methods.  The small volume sampled by laser ablation, coupled with the high 
growth rates of small mammal teeth, resolves isotopic heterogeneity resulting from short-
term variations in diet and body water composition.  For small mammals, such intra-tooth 
variations can be constrained to a limited home range and thereby remove taphonomic 
concerns of a mixed assemblage representing two separate environments.  The most 
convincing evidence for mixed C3/C4 environments comes from intra-tooth laser ablation 
of the smallest notoungulates (hegetotheres).  Hegetotheres have isotopically variable 
(mixed) diets and also suggest a landscape with both plant types locally available. 
At many scales, small teeth analyzed by laser ablation methods exhibit a 
relationship between δ13C and δ18O.  Rodent teeth analyzed from the δ13Cpc C4 first 
appearance interval are systematically depleted in 13C and 18O relative to those near the 
Miocene-Pliocene boundary (Figure 2.7).  These two intervals represent the most 
fossiliferous strata above and below the C4 expansion at PCQ, and correspondingly afford 
the best opportunity to compare ecological variation as a function of time.  Increased 
inter-tooth isotopic variation is coincident with enrichment for both δ13C and δ18O.  
Ecological expansion of C4 plants is expected to increase inter-tooth variation in δ13C as a 
new, isotopically distinct, food source becomes available.  Increased inter-tooth variation 
in δ18O among rodents may result from increased aridity, new ecological strategies, or 
both (Levin et al., 2006).  The observation of increased inter-tooth variation is consistent 





Figure 2.7:  Inter-and intra-tooth isotopic variability measured by laser ablation.  Data 
from 591–816 m represent all analyses of rodents (4 multiply sampled specimens) within 
the δ13Cpc C4 first appearance interval.  Data from 1480–1550 m represent all analyses of 
rodents (7 multiply sampled specimens) from the fossil rich interval immediately below 
the inferred level of the Miocene-Pliocene boundary.  The intra-tooth variation of three 
Pliocene fossils is plotted along with a linear least squares regression through the data for 
each individual; these three specimens correspond to panels b, c, and d in Figure 2.5. 
 
Intra-tooth isotopic variation, as measured by the variance, standard deviation and 
range of values from a single tooth, does not increase significantly across this interval.  
Rodents from the base of the section exhibit the least intra-tooth variation and no marked 
differences are noted from 591–2000 m.  However, a subset of rodents between 2000–
2100 m exhibits strong intra-tooth variation in δ13C and δ18O characterized by positive 
linear correlations (Figure 2.7).  In total, four rodents from this interval yield linear 
relationships with consistent slopes where the range of δ18O values is greater than δ13C.  
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 A positive linear correlation is also noted for a hegetothere (Paedotherium sp.) at 2215 m, 
though the slope is significantly different (Figure 2.7).  A hegetothere from the 1561 m 
level yields a similar slope and in both cases the range in δ13C is much greater than the 
range in δ18O.  These observations suggest that under some circumstances a strong 
relationship exists between diet and body water isotopic composition for small mammals.  
This relationship is especially strong for fossil rodents from the upper part of the section. 
A host of climatic, ecological, and physiological factors can be invoked to explain 
the relationship between a 13C enriched diet and 18O enriched body water.  The δ18O 
enrichment of warm season precipitation should correspond to maximum C4 abundance 
and result in a positive correlation between diet and body water at seasonal timescales.  
The growth rates of rodent incisors are probably too high to record seasonal changes, 
though the intra-tooth profiles of hegetotheres may do so.  Leaf water of grasses is known 
to be more evaporatively enriched in 18O than dicotyledonous species (Helliker and 
Ehleringer, 2000).  Short term dietary changes might explain the inferred diet-body water 
relationships by providing 18O enriched leaf water during periods of increased C4 
consumption.  This mechanism relies on a large percentage of body water deriving from 
plant water (at least during consumption of C4 plants) and is most attractive for small 
mammals with rapid body water turnover.  This is supported by δ18O enrichment of a C4 
rodent incisor relative to a contemporaneous C3 rodent incisor (Figure 2.7).  The C4 
incisor has an average δ18Olas of -7.7 ± 1.3 ‰ (Arg2002-17; 2017 m) whereas the C3 
incisor has an average δ18Olas of -9.9 ± 1.5 ‰ (Arg2002-22; 2067 m). 
The strong intra-tooth relationship between δ13C and δ18O (r2 > 0.9 in many cases) 
raises some analytical concerns.  This is particularly true for rodent incisors with thin 
71
 enamel, where lower laser power is required for analysis.  The possibility of simultaneous 
fractionation of 13C and 18O during ablation events exists, though the range of values far 
exceeds the anticipated effect due to changes in laser power (Passey and Cerling, 2006).  
The teeth exhibiting δ13C/δ18O correlation were not analyzed at lower laser power than 
other teeth.  Further, the δ13C/δ18O correlation was observed for teeth in several analytical 
sessions during which many teeth do not exhibit such a correlation.  The fact that these 
teeth are confined to a specific stratigraphic interval suggests an ecological rather than 
analytical signal. 
The distinctly different, though equally robust, δ13C/δ18O correlation for the 
Paedotherium sp. from 2215 m also supports an ecological interpretation of this 
correlation.  Larger body size, lower metabolism, and slower turnover of body water 
combined with different tooth growth rate and ecological strategy could explain the much 
shallower slope in δ13C/δ18O space.  The Paedotherium sp. tooth is characterized by thick 
enamel and high CO2 yield per ablation event.  These characteristics make similar 
samples attractive for future laser ablation work.  If tooth growth is slow enough such 
samples may be ideal for addressing Pliocene seasonality.  Larger bodied notoungulates 
(e.g., mesotheres) are also attractive targets for assessing seasonality based on potentially 
slower tooth growth rates.  However these specimens may be less likely to record 
δ13C/δ18O relationships due to body size and feeding ecology (not mixed feeders). 
The ecological implications of the δ13C/δ18O correlations observed for laser 
ablation data are approached with caution.  Analytical concerns are considerable and may 
prove difficult to control when analyzing rodent incisors with extremely thin enamel.  
Nonetheless, small Pliocene mammals from PCQ provide evidence that diet and body 
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 water isotopic composition are positively correlated.  This may prove useful for 
investigating physiology, environmental aridity, and seasonality.  Fossils of the subfamily 
Pachyrukhinae (Notoungulate, Hegetotheriidae) appear to be especially well suited for 
intra-tooth studies using laser ablation. 
 
Climate and environment at Puerta de Corral Quemado 
Stable isotope data from paleosol and fossil tooth carbonate document climatic 
and environmental change.  These two proxies record δ18O enrichment > 2‰ through the 
section.  Globally, paleosol carbonate data document enrichments in 18O in South Asia 
and East Africa during the late Miocene and early Pliocene (Cerling, 1992; Quade and 
Cerling, 1995; Quade et al., 1995).  General correlations between δ13Cpc and δ18Opc in 
these records led to the hypothesis that the oxygen isotope record was dominated by 
increased evaporation of soil water as C4 grasslands expanded.  Recent studies in South 
Asia have concluded instead that the 18O enrichment in paleosol carbonate documents 
decreasing rainfall via the “amount effect” (Behrensmeyer et al., 2007; Dettman et al., 
2001).  Plant wax δD values from the Bengal Fan indicate that both decreased 
precipitation and increased evaporation between 10 and 5.5 Ma contributed to the 18O 
enrichment (Huang et al., 2007). 
The δ18O enrichment at PCQ can be constrained to the same interval as observed 
for East Africa and South Asia.  Whether this enrichment records a globally significant 
shift in the hydrologic cycle remains an important question.  Several potential global 
causes have been suggested; including increasing continental aridity and ecological 
disturbance worldwide (Tipple and Pagani, 2007).  If earth’s hydrologic cycle is a closed 
system at the temporal scale of 10 Ma, an increase in aridity must be balanced by similar 
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 increases in precipitation.  Changes in the distribution of precipitation may have been 
spatial, temporal, or both.  Increased seasonality of precipitation is an attractive 
explanation for two reasons; 1) precipitation during warmer months would result in 
systematically enriched 18O input to the landscape (Kohn and Welker, 2005; Rozanski et 
al., 1993), and 2) enhanced evaporation during the dry season would lead to 18O enriched 
soil water (Gat, 1996).  Both of these factors are likely to be recorded in paleosol 
carbonate isotope ratios if carbonate formation is seasonally biased towards dry periods 
following a rainy season (Breecker et al., 2009). 
Paleosol carbonate data from the Bolivian Altiplano record depletion in 18O 
across the same time interval (Garzione et al., 2006).  These δ18Opc data, supported by 
other proxy data, have been interpreted to document rapid uplift of the northern Altiplano 
between 10–6 Ma (Bershaw et al., 2010; Garzione et al., 2008).  Rapid uplift of the 
Bolivian Altiplano is a viable cause for the inititation of the South American monsoon by 
increasing moisture transport from the tropics to higher latitudes via the South American 
low-level jet (Insel et al., 2009).  However, it is possible that slow topographic growth of 
the Andean plateau may have triggered similar climatic changes when a topographic 
threshold was crossed (Ehlers and Poulsen, 2009).  In either case, the strong divergence 
in δ18O proxy records between PCQ and the Altiplano points to major reorganization of 
precipitation patterns during the late Miocene. 
Regional differences in δ18O proxy records may be further explained by 
differential uplift histories and local orographic effects.  An orographic rainshadow 
related to growth of the Sierra Aconquija may have formed as early 6–5 Ma (Kleinert and 
Strecker, 2001; Sobel and Strecker, 2003), and a pulse of Pliocene uplift is well 
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 documented in northwestern Argentina (Strecker et al., 2007a).  By definition, orographic 
controls on climate and environment predict strong spatial gradients.  Consequently, our 
ability to test the influence of local orographic barriers on the Miocene-Pliocene climate 
and ecology of PCQ is currently limited by the spatial density and temporal control of 
proxy records. 
Modern climatic gradients in the region are striking (Bookhagen and Strecker, 
2008).  A strong gradient from the easternmost Sierras Pampeanas to the Puna plateau is 
documented with modern isotope data.  Two modern δ18Oen values from high elevation 
samples record a 7.5‰ westward enrichment at a spatial scale of 150 km.  Both of these 
samples are from obligate drinkers; yet, the complexity of variables influencing δ18Oen 
values in an individual precludes straightforward interpretations (cf. Levin et al., 2006).  
The corresponding 3‰ enrichment in δ13Cen provides more convincing evidence of a 
strong climatic gradient.  We assume that both specimens sampled environments of pure 
C3 plants owing to their elevation (>2.7 km).  The 3‰ difference in δ13Cen is attributable 
to differences in carbon isotope discrimination between C3 plants in wet environments 
and C3 plants in water-stressed environments (Farquhar et al., 1989).  Documenting 
Miocene-Pliocene climatic and environmental gradients in northwestern Argentina at 
similar spatial scales should be possible using isotope proxy data, and doing so will 
provide a test of local/regional modulation of a global ecological event. 
With regard to the vegetative history at PCQ, carbon isotope ratios of fossil and 
modern teeth complement the paleosol carbonate isotopic record.  δ13Cen values indicate 
that C4 plants were present at PCQ from 9.0–3.5 Ma, and remain there today.  C4 plants 
were consumed by herbivores in minor amounts prior 7 Ma; during this time many of the 
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 largest herbivores have δ13Cen values (-8 to -11‰) indicative of C3 vegetation in mesic to 
xeric environments.  The environment was probably not humid or densely forested, but 
rather a mosaic of forested and grassland environments.  Substantial C3 grassland may 
have existed and some C4 grasses were certainly present. 
For plant and herbivore communities, the period from 7.0–5.5 Ma was one of 
transition.  Locally eolian environments were present for ~ 0.5 Ma.  The proportion of 
herbivores consuming C4 plants increases markedly across this interval, but due to the 
poorly fossiliferous nature of the strata details are scarce. 
The Pliocene fossil record strongly indicates a mixed or patchy environment with 
sufficient C4 vegetation to support specialized feeders.  This reconstruction informs 
interpretation of the uppermost paleosol carbonate in the section.  Between 2149 and 
2219 soil carbonate nodules at 4 different levels record a dramatic positive shift in δ13C 
values to a maximum of -2.5‰.  This entire zone is above Toba Corral Quemado (2072 
m, 3.66 Ma).  A prominent ash bed occurs within this interval (Arg-244, 2198 m) and 
another (Arg-267, 2320 m) overlies this positive shift in δ13Cpc values.  Radioisotopic 
ages for these ash beds will be an important constraint on the rate of this change. 
The present interpretation is that this occurred relatively rapidly and probably 
represents a shift across ecotone boundaries present throughout the early Pliocene as 
opposed to an ecological expansion of C4 grasslands.  An elevational shift in ecotone 
boundaries due to glacial-interglacial type climate changes is plausible (cf. Amundson et 
al., 1996); however the absence of a synchronous δ18Opc shift argues against this 
hypothesis.  Similarly, the lack of a δ18Opc shift also argues against a C4 expansion 
resulting from the development of orographic rainshadows (Kleinert and Strecker, 2001).  
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 Instead an explanation invoking lateral shifts in ecotone boundaries that were locally 
present throughout the Pliocene, but poorly sampled by the δ13Cpc record, is preferred.  
The increase in C4 vegetation is approximately coincident with the appearance of coarse 
gravels which also document spatial shifts in the landscape.  Progradation of gravel may 
be suitably explained by either autocyclic fluvial processes or renewed uplift of nearby 
mountain blocks.  It is noted that high variance in δ13Cpc values between 1300 and 1400 
m correlates with a gravel rich interval.  Landscape scale isotopic variation is well 
documented by detailed studies of laterally extensive paleosols (Levin et al., 2004; 
Behrensmeyer et al., 2007).  In the absence of additional data it is difficult to properly 
assess the significance of the post 3.6 Ma δ13Cpc shift at PCQ. 
No information is currently available about the climate or environment at PCQ 
between ~3 Ma and present.  Modern tooth enamel identifies predominantly C3 and 
mixed feeders.  Based upon these results it appears that C4 plants were more abundant 
during the Pliocene than they are today, even though modern aridity and summer 
precipitation tend to favor C4 plants.  This decrease in C4 abundance at PCQ since the 
Pliocene may be explained by surface uplift to modern elevations of ~ 2 km.  Modern 
high elevation samples provide no evidence of C4 plants in their diet and PCQ is 
currently near the upper elevation limit for C4 plants (Cabido et al., 1997), so it is 
surmised that during the late Pliocene the study area may have been at a lower elevation. 
 
Timing and nature of C4 expansion 
The timing of the C4 expansion recorded at Puerta de Corral Quemado is broadly 
synchronous with the global tooth enamel record (Passey et al., 2009).  A dramatic diet 
change is observed in notoungulates between 7.0–5.5 Ma.  The rodent record is more 
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 ambiguous as many taxa are characterized by mixed C3/C4 diets; however, an increase in 
C4 consumption is still documented across the same temporal interval.  The paleosol 
carbonate isotopic record at PCQ confirms this timing (Latorre et al., 1997).  Collectively 
these records indicate that C4 plants were present in minor amounts during the interval 
between 9–7 Ma, but an ecosystem with abundant C4 grasses existed during the early 
Pliocene—the intervening time is the period of ecological change. 
At PCQ, all data derive from a single stratigraphic section and great care has been 
taken to ensure high resolution stratigraphic control.  This affords an important 
opportunity to directly compare multiple isotopic proxies.  Direct comparison of paleosol 
carbonate and fossil tooth enamel proxy records greatly increases confidence in the 
timing and structure of C4 expansion.  While it is common to find isotopic evidence for 
C4 plants in paleosol carbonate records prior to the late Miocene (Clyde et al., 2001; Fox 
and Koch, 2004), the global tooth enamel record is quite distinct.  Some fossil tooth 
enamel indicates consumption of C4 plants as early as 10 Ma in low latitudes, but the 
ecological event recorded by this proxy appears to be approximately synchronous 
globally (Cerling et al., 1997; Passey et al., 2009).  Stratigraphic analysis of both proxy 
records at PCQ confirms the estimate that major ecological change took place between 
7.0–5.5 Ma, and extends the interval of major ecologic change to ~5 Ma (Figure 2.8). 
The most notable feature of these stratigraphic analyses is that all proxies record 
change during two intervals.  The first interval of change is approximately coincident 
with the δ13Cpc C4 first appearance interval (~600 m level).  This period of change is 
defined by the carbon isotope record, but its best expression is found in δ18O proxy 






Figure 2.8:  Twenty point moving window of tooth enamel and paleosol carbonate stable 
isotope data.  The upper bounds represent the 80th (± 5) percentile of the population and 
the lower bounds represent the 20th (± 5) percentile of the population.  Percentiles are 
plotted against the mean stratigraphic height of each successive 20 point window.  
Median isotopic value versus median stratigraphic height for each 20 point window is 
also plotted.  For paleosol carbonates all data are used and for fossil tooth enamel the 
max-min filtered subset is used.  Tooth enamel δ13C values include laser ablation and 





 This Mio-Pliocene feature is also present in all proxy records, but is best expressed in the 
δ13Cen record.  Tooth enamel demonstrates a transient δ13C enrichment of > 2‰ at ~ 1500 
m; whereas the paleosol carbonate δ13C record is stepwise and appears to precede the 
tooth enamel enrichment.  δ18Oen data also suggest a transient event, though conventional 
acid digestion data are too sparse in the upper part of the section to robustly document 
this.  If all laser δ18O data are used a similar enrichment is noted near the Miocene-
Pliocene data.  This supports the interpretation of a transient 18O enrichment in tooth 
enamel and suggests that laser δ18O data may prove useful for environmental 
reconstruction given sufficient data.  Again, the paleosol carbonate data contrast with the 
tooth enamel data in that they record a stepwise enrichment in 18O during this interval. 
Currently, the only multiproxy record of comparable length and fidelity is that of 
the Siwalik Hills, Pakistan (Cerling et al., 1997; Quade and Cerling, 1995).  The C4 
expansion there is believed to have been an ecological transition on a broad flood plain 
(Behrensmeyer et al., 2007).  The timing is constrained to 8.0–5.0 Ma and the rates 
appear to be steady across this interval.  The record at PCQ demonstrates ecological 
change across the same temporal interval, but the structure of the C4 expansion in 
northwestern Argentina is clearly different.  Growing concern exists that single vertical 
sampling profiles of paleosol carbonate may not appropriately characterize landscape 
scale vegetation structure (Behrensmeyer et al., 2007).  The relatively poorly developed 
paleosols at PCQ preclude extensive studies of lateral variation within individual soil 
horizons.  Assessment of landscape scale vegetation patterns from paleosol carbonate 
stable isotope data will have to proceed by sampling contemporaneous strata at nearby 
localities.  Instead the δ13Cen of small mammals is used to assess spatial variability in 
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 plant communities, and demonstrates mixed C3/C4 ecosystems during the Pliocene.  
Based upon δ13C and δ18O data from paleosol carbonate and fossil tooth enamel it is 
inferred that the C4 expansion at PCQ was pulsed. 
A complex array of factors, ranging from global to regional and local drivers of 
climatic and ecologic change, may be implicated in contributing to the C4 expansion at 
PCQ.  The initial C4 expansion is documented at ~7.0 Ma and clearly precedes the pulse 
of Pliocene uplift in the region (Strecker et al., 2007a).  Specifically, an orographic 
rainshadow related to growth of the Sierra Aconquija is not expected until nearly 5 Ma 
(Kleinert and Strecker, 2001; Sobel and Strecker, 2003), and plateau margin deformation 
and uplift is not documented locally until after 3.5 Ma.  It is therefore difficult to attribute 
the initial C4 expansion to local aridification resulting from development of orographic 
barriers.  Global causes such as increased seasonality of precipitation and ecological 
disturbance remain attractive explanations (Tipple and Pagani, 2007).  This initial 
expansion may also be related to development of the South American monsoon (Uba et 
al., 2007; Strecker et al., 2007b; Mulch et al., 2010), but its timing is also broadly 
synchronous with the global tooth enamel record. 
The second period of ecological change occurs near the Miocene-Pliocene 
boundary.  Several other stable isotope records from the region also document ecological 
change at approximately the same time.  In the Santa María Valley a transient increase in 
the δ13C values of paleosol carbonate occurs between 6–5 Ma (Kleinert and Strecker, 
2001).  Nearly 200 km north of PCQ, strata in the Angastaco basin record enrichment in 
δ13C and δ18O values of both paleosol and fossil tooth enamel carbonate (Bywater-Reyes 
et al., 2010).  This shift occurs at ~5 Ma and is interpreted to reflect regional 
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 aridification.  Taken together these three records argue strongly for the regional 
significance of C4 expansion near the Miocene-Pliocene boundary, possibly related to 
aridification or to the intensification of the South American monsoon. 
A clearer understanding of regional synchroneity and spatial variation during the 
expansion of C4 grasses at PCQ is critical to elucidating potential drivers of ecological 
change.  It has been hypothesized that uplift of the Puna-Altiplano plateau was integral to 
development of the South American monsoon (Strecker et al., 2007a) and several 
tectonic models have been proposed for plateau uplift leading to monsoonal 
intensification (cf. Ehlers and Poulsen, 2009).  If monsoonal intensification is interpreted 
to be the primary driver of C4 expansion at PCQ then modulation of monsoonal dynamics 
by drivers other than plateau uplift will likely be needed to explain the pulsed nature of 
the expansion.  If regional aridification linked to the expansion of the West Antarctic Ice 
Sheet is interpreted as the primary driver of C4 expansion at PCQ the pulsed nature of the 
proxy records is more easily explained (Lamb and Davis, 2003; Bywater-Reyes et al., 
2010).  However, attributing the C4 expansion to any single regional climatic driver may 
be fundamentally flawed and ignores the potentially dramatic influence of growing 
topographic barriers (Kleinert and Strecker, 2001).  Further, interpretation of C4 
expansion resulting from regional climatic drivers ignores the global nature of this 
ecological event (see Tipple and Pagani, 2007).  Any effort to disentangle these potential 
drivers of climatic and ecological change must be based upon increased spatial density of 







Detailed stratigraphic work, including geochemical correlation of volcanic ash 
beds provides a high resolution framework for analysis of stable isotope proxy data.  
Fossil tooth enamel carbonate δ13C and δ18O analyzed by conventional acid digestion 
methods and by laser ablation are compared to the paleosol carbonate record.  Together 
these proxy data document δ18O enrichment of >2‰ across the late Miocene and early 
Pliocene.  Both proxies additionally document δ13C enrichment across the same interval 
indicating late Miocene expansion of C4 plants in northwestern Argentina.  The timing of 
the C4 expansion at Puerta de Corral Quemado is synchronous with the global tooth 
enamel δ13C record. 
C4 plants were present and consumed by herbivores as early as 9 Ma, but the 
ecosystem was dominated by C3 plants in a mesic to xeric environment.  A period of 
major ecological change occurs between 7.0–5.0 Ma.  Notoungulate fossils indicate a 
shift from C3 to C4 diets between 7.0–5.5 Ma.  Pliocene hegetothere notoungulates 
consumed mixed diets with a substantial C4 component that varied temporally 
(seasonally?).  Rodent fossils of Pliocene age have diets dominated by both C3 and C4 
plants, in addition to some mixed diets.  Both the mixed and specialized diets of small 
mammals during the Pliocene are interpreted to indicate a landscape in which C3 and C4 
plants were abundant locally. 
Stratigraphic analysis of this multiproxy record identifies two prominent intervals 
of ecological change.  The first interval occurs at ~7 Ma and predates a pulse of Pliocene 
uplift.  It is suggested that this interval of change is related to the global expansion of C4 
plants and not a result of aridification associated with the uplift of orographic barriers.  A 
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 second interval of change at approximately the Miocene-Pliocene boundary is observed 
in other stable isotope records from the region.  While precise synchroneity can not yet be 
demonstrated, there appears to be a regionally significant period of climatic and 
ecological change between 5.5 and 5.0 Ma.  This may be related to regional aridification, 
or to changes in South American monsoon precipitation patterns both of which should 
produce 18O enriched soil carbonate. 
Modern tooth enamel stable isotope data are difficult to interpret because many of 
the taxa sampled are domestic.  Most of the taxa are also recent arrivals to South America 
and only distantly related to the Miocene and Pliocene faunal assemblages.  Nonetheless 
these data serve to identify strong modern climatic gradients present from the windward 
eastern flanks of the Sierra Aconquija to the interior of the Puna plateau.  The δ18O values 
of modern tooth enamel are enriched relative to Pliocene tooth enamel and the range of 
values is also significantly larger, indicating that the region has become more arid 
between ~3.5 Ma and present.  Modern herbivores consume C4 plants but not to the 
degree that Pliocene herbivores did; this provides modest evidence for surface uplift in 






MIO-PLIOCENE SEDIMENTATION AND DEFORMATION CONSTRAINED  
BY IDENTIFICATION OF WIDESPREAD VOLCANIC ASH BEDS 
 
Introduction 
High altitude plateaux are increasingly understood as topographic features of 
global significance.  These massive protrusions into the atmosphere modify zonal 
atmospheric circulation, play an important role in the surface heat budget of the earth, 
and generate regionally important precipitation systems (Ehlers and Poulsen, 2009; Insel 
et al., 2009.).  Such plateaux, due to their size, elevation, and location in the center of 
orogenic systems are characterized by arid climates with unique ecological, geomorphic, 
and geodynamic systems.  The link between arid climates and plateau growth presents a 
fundamental geodynamic problem of broad interest (Molnar and England, 1990; Masek et 
al., 1994).  This study constrains the Miocene-Pliocene geologic history along the 
southernmost margins of the South American Puna-Altiplano plateau by using 
widespread volcanic ash beds to date tectonic and sedimentary events (Figure 3.1).  
Accurate and precise chronologic horizons of regional import address two questions 
relating to the Miocene-Pliocene growth of the plateau:  1) What is the timing and style 
of surface deformation along the plateau margin?  2) What is the timing and significance 





Figure 3.1:  Tectonic and topographic setting of the study area: a) morphotectonic 
provinces of the Central Andes after Jordan et al. (1983), Nazca-South America 
convergence vector from Marrett and Strecker (2000), b) DEM of study area from Shuttle 
Radar Topography Mission 3 arc second data, modern drainages highlighted in blue, 
GUA = Río Guanchin section, FIA = Fiambalá section, SF = San Fernando sections, and 
PCQ = Puerta de Corral Quemado section. 
 
In northwestern Argentina between 26–28°S latitude the Sierras Pampeanas 
morphotectonic province, at its northernmost termination, is characterized by basement 
cored, reverse fault bounded uplifts on the periphery of the southern Puna plateau (Jordan 
et al., 1983).  The Sierras Pampeanas correspond geographically with an amagmatic zone 
of shallow-dipping subduction and have been described as analogous to Laramide uplifts 
of the western United States (Jordan and Allmendinger, 1986). 
The Puna-Altiplano plateau is the second highest and largest such feature in the 
world, second only to the Tibetan plateau.  The Puna-Altiplano system is notable in that it 
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 corresponds spatially with Neogene volcanism and that it attained its current height and 
extent in the absence of continental collision or terrane accretion.  If the plateau is 
defined as the notable broadening of the area above the 3 km elevation contour (sensu 
Isacks, 1988), it spans ~1,800 km latitudinally and ranges between 350 and 400 km in 
width.  The area of the plateau that is internally drained is roughly coincident with the 3 
km contour, yet considerably smaller in extent.  The complex history of the plateau is 
reviewed by Allmendinger et al. (1997) and geologic descriptions of intra-plateau 
differences are available therein; several salient points are highlighted here.  The Puna is 
that part of the plateau mostly in northwestern Argentina which is characterized by higher 
average elevation, more relief, some of the youngest ignimbrite centers on the plateau, 
and active tectonic shortening until 1–2 Ma.  The Altiplano, by contrast is older, broader, 
and flatter; intense volcanism and active shortening appear to have terminated earlier. 
The present study is concerned with constraining the timing and style of the most 
recent tectonism at the southern margin of the plateau.  A recent body of work has 
advanced understanding of tectonic and climatic controls on uplift, deformation and 
sedimentation in the region (cf. Strecker et al., 2007a).  Critically, the Sierras Pampeanas 
are effective barriers to easterly moisture transport and create a series of semi-arid 
intermontane basins along the margin of the Puna plateau (Bookhagen and Strecker, 
2008).  The development of arid intermontane basins can lead to storage of large volumes 
of coarse grained sediment.  In cases where aridity is pronounced and resistant bedrock is 
exposed by uplift, fluvial systems can become isolated from the foreland and from global 
base level (Sobel et al., 2003). 
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 Intermontane sedimentary basins along the Puna margin may be repeatedly filled 
and excavated within a period of ~10 Ma (Hilley and Strecker, 2005).  Alternatively, 
sedimentary basins may become permanently isolated from the foreland (internally 
drained); storing sediment indefinitely and ultimately coalescing with adjacent basins (cf. 
Sobel et al., 2003).  Development and coalescence of arid intermontane basins is thus a 
potential mechanism for outward growth of the Puna plateau.  Within this framework, the 
questions posed regarding timing of deformation and coarse grained sedimentation at the 
plateau margin are relevant to the Miocene-Pliocene development of the Puna plateau. 
 
Scientific approach, material studied, and analytical methods 
Aside from the well known Cerro Galán volcanic complex (Francis et al., 1983; 
Francis et al., 1989), explosive silicic volcanism on the southern Puna plateau produced 
numerous small to medium volume ignimbrites between 25 Ma and present.  These 
ignimbrites are characterized as metaluminous, crystal-poor rhyolites which are often 
chemically zoned (Schnurr et al., 2007).  Volcanic ash from these eruptions is preserved 
in sedimentary basins at the plateau margin and exploited as a means of constraining the 
geologic history of these basins. 
During eruption, explosive silicic eruptions produce large amounts of fragmental 
material (tephra).  Deposition of tephra, generally within days to years following an 
eruption, results in volcanic ash beds.  Upon deposition and burial, volcanic ash beds 
become stratigraphic horizons with chronological significance.  Volcanic ash beds in 
northwestern Argentina often contain detrital material of uncertain origin, but are 
predominantly composed of volcanic glass and comagmatic mineral phases.  Eruptive 
minerals such as sanidine, biotite, plagioclase, and zircon provide material for 
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 radioisotopic dating and volcanic glass provides a proxy for the composition of the liquid 
part of the magma.  Magma composition is unique for nearly every eruption and 
compositional analysis of volcanic glass is a proven method for identification and 
correlation of volcanic ash beds from widespread localities (e.g., Izett, 1981; Sarna-
Wojcicki et al., 1987; Perkins et al., 1998).  Because the timescale of deposition for a 
volcanic ash bed is orders of magnitude less than the uncertainty associated with 
radioisotopic age estimates, geochemical correlation of ash beds creates 
chronostratigraphic horizons with extremely high precision.  Thus volcanic ash beds are 
markers capable of providing age control for a variety of geologic records associated with 
the encasing strata.  Moreover, when chronostratigraphic information is combined with 
strike and dip an individual ash bed becomes a structural datum, enabling constraints to 
be placed on the timing, magnitude, and locus of deformation. 
The term tuff, and its Spanish equivalent ‘toba’, referring to consolidated volcanic 
ash are employed occasionally.  When discussing an individual deposit, the term ash bed 
is used to denote the specific occurrence.  Tuff and toba are used in conjunction with 
formal or informal unit names to discuss well described ash beds which have been 
correlated between stratigraphic sections and do not refer to a specific occurrence or 
sample of a volcanic ash bed. 
Volcanic ash samples were disaggregated, sieved, and washed in an ultrasonic 
bath with 10% HNO3 to remove any adhering carbonate and 5% HF to remove clay 
minerals and birefringent rims from glass.  Optical inspection of the 125–250 µm fraction 
commonly revealed >50% glass shards, and in many instances glass was sufficiently 
concentrated for electron probe microanalysis (EPMA).  Glass separates for bulk analysis 
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 were further concentrated by standard magnetic and density techniques.  Final density 
separation with tribromomethane was conducted in a differential specific gravity tube and 
subtle gradients permitted separation of glass with feldspar inclusions from the bulk 
sample.  Purity of each sample was checked with a petrographic microscope.  Samples 
exceeding 99.9% glass were handpicked to remove remaining contaminants under a 
binocular microscope until 30–60 mg was available for solution nebulization Inductively 
Coupled Plasma - Mass Spectrometry (ICP-MS). 
EPMA of major and minor element concentrations in glass and minerals were 
determined with a Cameca SX 50 using methods described by Nash (1992).  Analyses 
were made at 15 keV accelerating voltage, a beam current of 25 nA, and a beam diameter 
of 10 µm.  To minimize Na mobility and associated analytical errors, Na Kα X-rays were 
counted for only 5 seconds at the beginning of each analysis (Nielsen and Sigurdsson, 
1981; Hunt and Hill, 2001).  Additionally, beam diameter was maximized to reduce Na 
mobility; 10 µm generally being the largest possible diameter for which all samples could 
be analyzed under identical operating conditions.  Estimates of water content for glass 
shards were calculated from the difference between measured and stoichiometric oxygen 
contents assuming all Fe as Fe2O3 (cf. Nash, 1992).  Analysis of individual volcanic glass 
shards is critical to establish shard to shard variability, often a robust characteristic of 
individual eruptions.  Typically 20 shards were analyzed for each sample; important 
samples were often analyzed in duplicate during different analytical sessions.  Potentially 
correlative samples were identified using the statistical distance function (Perkins et al., 
1995; Appendix B) based on EPMA values for Ca, Cl, Fe, Mg, Mn, and Ti. 
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 Once potential correlations were identified by EPMA they were further tested by 
analysis of trace element concentration in volcanic glass.  Purified glass separates were 
analyzed for trace element concentrations by ICP-MS methods.  The analytical approach 
is a modification of that of Willbold and Jochum (2005).  30 mg aliquots were digested in 
ultra-pure acid (2.4 % HNO3 with 100 µl additions of concentrated HF).  After digestion, 
sequential dilutions were carried out with 2.4% HNO3 prior to standard addition and 
isotopic spiking.  Ba and Sr were measured by isotope dilution and all other elements 
were measured by standard addition, using Ba as an internal standard.  Analysis of 
reference material confirms the accuracy and precision of the method (Hynek et al., 
2010).  Data are within 10% of the preferred value, and repeat analysis of unknowns and 
internal standards indicate that precision is ≤ 5% of the measured value for all elements. 
 
Major volcanic ash beds of the southern Puna plateau 
Four stratigraphic sequences of latest Miocene and Pliocene age are reported from 
the southeastern margin of the Puna plateau (Figure 2.1).  Three of these sequences are 
from the ~2.8 km thick stratigraphic section at Puerta de Corral Quemado and one is from 
a ~1 km thick section along the western margin of the Fiambalá basin.  As estimated by 
the density of stratigraphically and geochemically unique ash beds, each of the sequences 
likely represents a period of higher than average eruption rates.  Consequently, many 
volcanic ash beds which have been sampled and analyzed from parallel sections are not 
presented within a composite stratigraphic sequence.  Because stratigraphic order 
(homotaxy) is one of the most important criteria when correlating ash beds, only those 
with secure stratigraphic placement are presented in the following.  Many thinner, less 
extensive ash beds have known stratigraphic relationships with one of the reported 
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 samples, but cannot be firmly placed in a composite sequence.  When sufficient data 
exists to geochemically characterize these samples it is given in Appendix A along with a 
conservative range of stratigraphic heights. 
Each sequence is developed principally at one locality, but local and regional 
correlation of ash beds between localities are established in three of the four instances.  
Correlation of volcanic ash beds and construction of composite tephrostratigraphies is 
guided by field mapping, 40Ar/39Ar and U-Pb geochronology of eruptive minerals, and 
the chemical composition volcanic glass.  Three of the sequences of volcanic ash beds 
contain at least one sample for which glass composition and radioisotopic age estimates 
have been determined on splits of the same sample.  One sequence has no absolute age 
estimate; its age is estimated by interpolation between ash beds of known age.  Hence, 
correlation to an ash bed in one of these sequences leverages as much geochronological 
information as possible.  To aid this endeavor, the age, stratigraphic relationships, and 
chemical composition of important samples are discussed below. 
 
Late Miocene sequence at Puerta de Corral Quemado (<5.6 Ma) 
The base of this sequence is defined by a thin (10–20 cm thick) ash bed from the 
1440 m level at Puerta de Corral Quemado.  40Ar/39Ar analyses of sanidine from the basal 
1 cm of this ash bed yield an age of 5.64 ± 0.32 Ma (Latorre et al., 1997).  This places the 
base of sequence in the late Miocene.  At PCQ, thick or laterally extensive ash beds in 
this interval are uncommon.  Short sequences of stratigraphically distinct, but 
geochemically similar ash beds complicate interpretation.  However, ash beds are 
numerous and a composite tephrostratigraphy is developed from six stratigraphic sections 
sampled along strike (Figure 2.2a).  The ~100 m thick composite tephrostratigraphy 
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 yields correlations at two additional localities within the Corral Quemado basin, and can 
be extended to the Fiambalá basin from one of these localities (Figure 2.2b). 
The generally fine-grained nature, and presumably distal origin, of many ash beds 
in the latest Miocene interval presents several problems.  Strata interbedded with the ash 
beds are generally indicative of a braided fluvial system transporting coarse sand and 
minor gravel.  As a result, detrital contamination is common.  Abundant detrital 
contamination and the fine grain size of tephra combine to make preparation of samples 
difficult and preclude trace element analysis for many samples.  Moreover, sedimentary 
mixing of volcanic glass from different eruptions is a concern. 
For the latest Miocene ash beds at PCQ, intrasample populations of glass shards 
are not explicitly considered.  For convenience, EPMA data given are average values 
presented without standard deviation (available in Appendix A).  Data plotted are also 
average values for each sample.  In discussion of other sequences of volcanic ash beds, 
standard deviations are presented in tables, individual glass shards are plotted, and intra-
sample variability is considered.  In general, populations of glass shards provide valuable 
information which should be drawn upon; however, doing so here does not facilitate 
communication of salient chronostratigraphic details.  For this discussion glass 
compositions are grouped by Ca/Fe ratios.  Absolute CaO and Fe2O3 values reasonably 
split glass compositions within these groups, and grouping glass composition by Ca/Fe 
ratio may identify systematically related groups (eruptive sources) and help to identify 
stratigraphic trends within a group. 
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Figure 3.2:  Late Miocence tephrostratigraphic framework: a) construction of a 
composite sequence of ash beds from six individual sections sampled along strike at 
Puerta de Corral Quemado, b) correlation of the composite stratigraphy to additional 
localities in the Corral Quemado basin and to the Fiambalá basin.  Sample Arg 196 was 
dated by Latorre et al. (1997) and 055 was dated by Carrapa et al. (2008). 
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 The most persistent stratigraphic marker in the latest Miocene sequence at PCQ is 
a fine-grained ash bed 25 m above the base.  This ash bed is an important marker which 
is correlated locally across Río Corral Quemado and also to the San Fernando section; six 
samples are assigned to the 1465 m level on the basis of EPMA data (Table 3.1). 
The glass composition of this ash bed has the highest Ca/Fe ratio of any in the 
sequence, and is the stratigraphically lowest of three ash beds between 1465–1485 m with 
Ca/Fe > 1 (Figure 3.3).  The ash beds at 1465 and 1472 m are characterized by high BaO 
values, but can be differentiated by Cl (Figure 3.3).  The uppermost ash bed in this group 
(1485 m level) has the highest CaO and MgO values of the group.  The three glass 
compositions identified within this group may have originated from the same source 
volcano.  If true, the close stratigraphic association of these ash beds implies that the 
source volcano was very active at this time and that undocumented ash beds of similar 
composition are likely to be found in late Miocene strata of the region. 
A group of samples at ~1518 m is clearly delineated by Ca/Fe values between 
0.88–0.92.  Section bhp-2 documents two samples with similar composition in very close 
stratigraphic proximity (Figure 3.2a).  Sample PCQ 158a is pumiceous; PCQ 158b is 1 m 
upsection and devoid of pumice.  Although EPMA data provide no basis for 
distinguishing between the two samples, a similar stratigraphic pattern is observed in 
section sah-3.  There sample PCQ 774 is a 40 cm thick ash bed with pumice and a 10 cm 
thick ash bed (PCQ 775) is present 1.4 m upsection.  No data exist for PCQ 775, but it 
might be expected to be of similar composition to PCQ 158.  Ash beds of similar 
composition and stratigraphic placement are also observed in sections sah-1 and bhp-3.   
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 Table 3.1:  EPMA data for latest Miocene sequence at Puerta de Corral Quemado. 
Sample n
a
SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO BaO Na2O K2O Cl H2O Total Db
1542 m level
PCQ 566 12 71.8 0.15 12.3 0.93 0.08 0.15 0.57 0.07 2.4 6.1 0.14 4.7 99.5 0.0
CQ 26 19 72.0 0.14 12.5 0.91 0.09 0.16 0.61 0.06 2.9 5.4 0.13 6.6 101.5 2.8
CQ 26c 22 72.5 0.16 12.5 0.92 0.08 0.16 0.62 0.06 2.8 5.6 0.14 6.4 102.0 2.2
1540 m level
PCQ 565 10 72.3 0.13 12.4 0.82 0.09 0.12 0.53 0.07 2.4 6.1 0.13 4.4 99.5 0.0
PCQ 159 12 71.9 0.11 12.6 0.85 0.07 0.13 0.53 0.07 2.6 6.1 0.13 5.1 100.1 4.3
PCQ 1027 10 71.4 0.14 12.8 0.81 0.08 0.13 0.51 0.08 2.6 5.8 0.14 5.5 100.0 2.6
PCQ 1028 10 71.3 0.12 12.7 0.83 0.08 0.15 0.56 0.07 2.7 5.7 0.12 6.0 100.4 3.9
PCQ 1029 10 70.6 0.12 12.6 0.77 0.09 0.13 0.50 0.09 2.6 5.7 0.12 6.6 100.0 3.3
PCQ 1030 4 71.6 0.16 12.5 0.85 0.09 0.12 0.58 0.05 2.4 6.2 0.14 5.7 100.4 3.2
1518 m level
PCQ 564 12 71.5 0.13 12.8 0.82 0.08 0.12 0.73 0.09 2.5 5.8 0.14 4.8 99.5 0.0
PCQ 158a 16 71.0 0.13 13.1 0.83 0.07 0.13 0.74 0.07 2.8 5.7 0.14 5.5 100.2 1.7
PCQ 158b 16 71.0 0.11 13.0 0.82 0.07 0.11 0.74 0.07 2.9 5.6 0.14 5.6 100.1 1.8
PCQ 215 7 73.1 0.12 13.0 0.80 0.07 0.13 0.73 0.05 2.0 6.0 0.13 4.6 100.8 1.4
PCQ 774 19 72.4 0.12 13.0 0.86 0.07 0.13 0.75 0.08 3.0 5.4 0.14 5.7 101.7 2.1
1485 m level
PCQ 563 10 71.7 0.11 12.9 0.78 0.04 0.11 1.06 0.08 2.6 5.6 0.09 4.3 99.4 0.0
PCQ 157 13 71.6 0.11 13.0 0.75 0.05 0.11 1.03 0.08 2.6 5.9 0.08 4.7 100.3 2.9
PCQ 216 25 73.1 0.11 12.9 0.74 0.04 0.11 1.05 0.08 2.4 5.2 0.08 4.6 100.5 2.7
PCQ 772 9 71.8 0.09 12.8 0.80 0.04 0.10 1.00 0.06 2.5 5.5 0.08 5.4 100.3 3.6
1472 m level
PCQ 562 9 72.3 0.07 12.0 0.61 0.03 0.07 0.81 0.11 2.3 6.3 0.09 5.0 101.0 0.0
PCQ 153 14 71.3 0.09 12.6 0.66 0.03 0.08 0.82 0.11 2.2 6.3 0.10 5.5 99.8 2.4
1465 m level
PCQ 561 11 72.5 0.11 12.0 0.67 0.06 0.07 0.96 0.09 2.0 6.2 0.12 4.3 99.3 0.0
PCQ 154 14 71.9 0.10 12.2 0.66 0.07 0.06 0.95 0.11 2.1 6.2 0.13 5.3 99.7 2.5
PCQ 217 9 73.9 0.08 12.2 0.66 0.06 0.07 0.97 0.10 1.9 5.9 0.12 4.7 100.6 2.5
PCQ 734d 12 73.2 0.09 12.4 0.66 0.07 0.07 1.00 0.11 1.2 5.0 0.11 6.4 100.5 2.8
PCQ 1048 15 72.3 0.09 12.0 0.63 0.07 0.07 0.92 0.09 2.1 6.1 0.12 5.5 100.0 2.4
PCQ 1049 18 72.3 0.10 12.4 0.66 0.07 0.08 0.95 0.09 2.1 6.0 0.12 5.5 100.3 0.8
1440 m level
PCQ 560 13 72.7 0.07 12.0 0.81 0.07 0.04 0.49 0.03 2.2 6.4 0.11 4.3 99.3 0.0
Arg 196e 19 73.6 0.07 11.9 0.80 0.06 0.05 0.52 0.02 2.0 6.4 0.12 6.6 102.1 2.2
Arg 196c 21 73.0 0.07 12.0 0.81 0.05 0.04 0.51 0.03 2.2 6.4 0.12 6.6 101.9 2.4  
an=number of analyzed shards; all oxides and elements reported in weight %, total Fe as Fe2O3;  
  H2O calculated from the difference between measured and stoichiometric oxygen (Nash, 1992). 
bStatistical distance (Perkins et al., 1995; Appendix B) calculated using the concentrations of TiO2,  
  Fe2O3, MnO, MgO, CaO and Cl; D<3.5 indicate analyses are identical at 95% confidence level. 
cReplicate analysis. 
dAnalyses combined or excluded; see Appendix A for more information. 
eSample dated by Latorre et al. (1997). 
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Figure 3.3:  EPMA data for ash beds between 1440–1542 m at Puerta de Corral 
Quemado.  Three groups are identified based upon Ca/Fe ratio (x-axis) and can be 
subdivided using average TiO2, MgO, BaO, and Cl values (y-axis of respective panel). 
 
Sample PCQ 564 is a 1m thick tuff with detrital medium sand, no pumice is observed and 
no other ash bed is known within close stratigraphic proximity.  Taken together these five 
samples from four stratigraphic sections provide no basis for differentiating between at 
least two stratigraphic occurrences.  If there are two or more closely spaced ash beds at 
~1518 m level from different eruptive events, it is not documented by EPMA data. 
In addition to documenting two unique stratigraphic occurrences of the ~1518 m tuff, 
section bhp-2 is important in that it documents the stratigraphic relationship between 
PCQ 564 and PCQ 565 which is not known a priori.  Sample PCQ 159 correlates to PCQ 
565, both of which represent the base of a short sequence of ash beds characterized by 
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 Ca/Fe between 0.60–0.68.  This group of ash beds has Ca/Fe values identical to the 5.64 
Ma ash bed which defines the base of the latest Miocene sequence, but significantly 
higher TiO2, MgO, and BaO contents. 
Construction of the composite sequence at Puerta de Corral Quemado provides an 
important point of comparison for late Miocene volcanic ash beds younger than ~5.6 Ma.  
Upper age bounds for this sequence at PCQ are not well established, but rather 
determined by interpolation from which an age of ~5.3 Ma is suggested (cf. Chapter 2).  
Correlation to additional localities within the Corral Quemado basin is established by 
comparison with the composite sequence.  Sample PCQ 566 is correlated to a sample 
along strike ~8 km northeast of the nearest locality.  This sample (CQ 26; Table 3.1) is 
from a stratigraphic section sampled by Isabelle Coutand in 2002 (then at Universität 
Potsdam, Germany).  Two other samples from this Universität Potsdam stratigraphic 
section are correlated to younger ash beds described later in this chapter. 
Correlation to a short stratigraphic sequence at San Fernando is also established.  
In San Fernando section #2, the lowermost ash bed correlates to the 1465 m level of the 
composite section (PCQ 734; Table 3.1).  Section #2 at San Fernando is comprised of ash 
beds dipping ~15° to the south which are exposed in recent road cuts.  Two ash beds 
appear to be correlative to the Río Guanchin section in the Fiambalá basin (Table 3.2).   
A prominent 1.2 m thick ash bed at the base of the Río Guanchin section yields a 
tentative correlation to San Fernando.  GUA 810 and PCQ 736 are indistinguishable on 
the basis of EPMA analysis; however, this correlation is considered tentative because 
PCQ 736 contains two compositional modes.  GUA 810 is correlated to the secondary 
mode (5 of 18 shards) found in PCQ 736.  This correlation is further supported by 
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 Table 3.2:  EPMA data for latest Miocene sequence at Río Guanchin. 
Sample na SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO BaO Na2O K2O Cl H2O Total m
b
GUA 814 18 73.3 0.09 11.9 0.69 0.06 0.07 0.63 0.06 2.9 4.7 0.13 5.4 100.0 81.8
1σ 0.6 0.04 0.1 0.07 0.03 0.02 0.02 0.03 0.3 0.3 0.02 1.1 0.3
GUA 813 13 73.2 0.12 12.4 1.07 0.03 0.13 1.03 0.05 2.8 4.9 0.08 4.5 100.3 58.6
1σ 0.7 0.06 0.4 0.15 0.03 0.05 0.10 0.03 0.2 0.2 0.02 0.5 0.3
GUA 812 12 72.5 0.14 12.6 0.75 0.04 0.07 0.87 0.09 2.9 5.0 0.11 4.9 100.0 37.4
1σ 0.7 0.03 0.3 0.07 0.02 0.02 0.05 0.04 0.2 0.1 0.01 0.4 0.7
GUA 811 15 72.9 0.08 12.4 0.61 0.05 0.06 0.47 0.05 3.0 5.0 0.12 4.9 99.7 24.2
1σ 0.5 0.04 0.3 0.08 0.03 0.03 0.06 0.05 0.1 0.1 0.01 0.5 0.3
055c 34 73.0 0.09 12.7 0.58 0.08 0.07 0.44 0.02 2.0 4.8 0.13 5.8 99.7 -
1σ 0.9 0.03 0.1 0.04 0.02 0.02 0.02 0.03 0.3 0.2 0.01 0.9 0.6
055c, d 25 72.9 0.10 12.7 0.60 0.07 0.07 0.46 0.02 1.6 4.9 0.14 5.9 99.5 -
1σ 0.7 0.03 0.1 0.04 0.02 0.01 0.02 0.02 0.2 0.2 0.01 0.7 0.5
PCQ 733e 20 72.8 0.10 12.4 0.65 0.07 0.07 0.48 0.05 2.4 6.2 0.13 6.1 101.6 -
1σ 0.5 0.03 0.2 0.10 0.02 0.02 0.07 0.06 0.3 0.3 0.01 0.6 0.3
GUA 810 15 71.9 0.11 12.6 0.71 0.05 0.12 0.86 0.06 2.9 4.4 0.10 6.0 99.8 6.0
1σ 0.4 0.04 0.1 0.06 0.02 0.02 0.03 0.03 0.2 0.2 0.01 0.6 0.3
PCQ 736e, f 5 72.0 0.10 12.4 0.74 0.05 0.12 0.87 0.04 2.5 5.5 0.10 6.2 100.8 -
1σ 0.5 0.02 0.1 0.02 0.02 0.02 0.04 0.05 0.4 0.3 0.01 0.6 0.3
an=number of analyzed shards; all data in weight %, 1σ=standard deviation; total Fe as Fe2O3;  
  H2O calculated from the difference between measured and stoichiometric oxygen (Nash, 1992). 
bmeter level in Río Guanchin section; total thickness ~250 meters; additional data in Appendix A. 
cSample dated by Carrapa et al. (2008). 
dReplicate analysis. 
eProposed correlation to a sample from San Fernando section #2. 
fAnalyses combined or excluded; see Appendix A for more information. 
 
correlation of the uppermost ash bed at San Fernando (PCQ 733) to sample GUA 811.  
Sample GUA 811 is important because it establishes correlation to a dated sample (055; 
Table 3.2) from the same locality.  The age estimate for 055 is established by the 
youngest single zircon U-Pb age of five (5.23 ± 0.30 Ma; Carrapa et al., 2008).  Direct 
correlation is not yet achieved between Río Guanchin and PCQ, but the balance of 
information suggests that Río Guanchin is approximately correlative to sandstone #10 at 
PCQ and likely encompasses the Miocene-Pliocene boundary.  A 5.51 ± 0.14 U-Pb 
zircon age from Río Guanchin strongly supports this, but its stratigraphic position is not 
known relative to the Río Guanchin section presented here (cf. sample 029, Appendix A). 
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 Sandstone #12 sequence at Puerta de Corral Quemado (~4.4 Ma) 
A complex sequence of ash beds crops out from 1775–1860 m at Puerta de Corral 
Quemado.  These ash beds encompass sandstone #12, a marker bed at 1832 m, which 
ranges between 5–20 m thick along strike for ~5 km.  On the basis of EPMA data, 
samples along this transect document many ash beds present at only one or two localities.  
Fewer, more laterally continuous, ash beds are present at numerous localities.  The ash 
bed most clearly associated with sandstone #12 has a characteristic microstratigraphy and 
glass composition (Figure 3.4).  Due to its lateral persistence and unique geochemical 
signal the informal term, tuff of sandstone #12, is adopted for convenience. 
The tuff of sandstone #12 can be subdivided stratigraphically and geochemically.  
The lower two samples (PCQ 573/574) of this sequence are easily differentiated by the 
higher Al2O3, Fe2O3, CaO, TiO2, and MgO content of volcanic glass; however, they also 
contain a minor compositional mode indistinguishable from the upper sample (PCQ 575).  
The upper sample contains no glass shards from the lower samples, suggesting that in this 
instance sedimentary mixing is not the reason for multiple compositional modes within 
the bed.  Instead, magma mixing prior to and during eruption is invoked to explain the 
occurrence of the minor compositional modes of PCQ 573/574. 
In general, these observations are corroborated by other samples (Table 3.3).  
Lower samples of the tuff of sandstone #12 (PCQ 793 and 794) both contain ~10% glass 
shards similar to the upper part of the ash bed; whereas, samples Arg 227 and PCQ 795 
are unimodal.  The upper tuff of sandstone #12 is unimodal in samples PCQ 118 and 575, 
but PCQ 585 contains <10% glass shards that are similar in composition to the lower part  
100
  
Figure 3.4:  Tuff of sandstone #12: a) field photograph of sampled micro-stratigraphy; 
panels b), c), and d) distinguish upper and lower tuff of sandstone #12 compositions 
using EPMA data.  On this basis a chemically zoned magma chamber is inferred. 
 
of the ash bed.  Because PCQ 585 is a tuffaceous sandstone, the bimodal glass 
composition is interpreted to result from sedimentary mixing in this instance. 
Considering all field observations and EPMA data, the two glass compositions 
observed in the tuff of sandstone #12 are inferred to be sourced from the same magma 
chamber.  There may have been a hiatus between eruption of the lower and upper ash 
bed, but the persistent internal stratigraphic pattern of this ash bed suggests that such a 
hiatus was likely brief.  A zoned rhyodacite magma chamber is proposed to be the source.  















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































deposited first.  To reconcile this observation with the expectation that the top of the 
magma chamber is the most evolved, a complex eruptive mechanism is suggested. 
Numerous ash beds are intimately associated with sandstone #12; small ash beds 
generally continue along strike for <500 m of the 5 km wide panel investigated.  This 
precludes establishing stratigraphic relationships between many of the smaller ash beds.  
On the basis of homotaxy and glass composition, four individual ash beds can be reliably 
characterized and placed in stratigraphic order (Table 3.3).  The tuff of sandstone #12 has 
two compositional modes, thus a total of five glass compositions are reported between 
1775–1860 m at PCQ.  This is a small fraction of the unique glass compositions 
identified within this interval. 
Data from San Fernando section #1, ~15 km SSE of PCQ, also identify numerous 
closely spaced and compositionally unique ash beds; seven stratigraphically distinct ash 
beds exist within a 20 m of gently dipping strata.  The basal sample (PCQ 725) correlates 
to the tuff of sandstone #12 (Table 3.3).  Data from San Fernando section #1, suggest 
several additional correlations with ash beds at PCQ.  These tentative correlations are not 
regarded with a high degree of confidence, but are briefly noted in Appendix A because 
of their stratigraphic proximity to tuff of sandstone #12 at San Fernando. 
Given the potential of the tuff of sandstone #12 as a regional marker bed, accurate 
and precise age estimates are desirable.  40Ar/39Ar sanidine ages bracketing this interval at 
PCQ; 5.64 ± 0.32 Ma (1440 m) and 3.66 ± 0.10 Ma (2076 m) respectively, yield an age 
of 4.4 Ma by linear interpolation.  Sanidine is not known from the tuff of sandstone #12 
and plagioclase K/Ca ratios (An37–65 Ab34–61 Or1–3) are not favorable for precise 40Ar/39Ar 
age estimates.  Plagioclase 40Ar/39Ar would still be valuable, as the accuracy of direct 
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 determination is preferred to interpolation over 600 m and 2 Ma.  Ultimately, the age 
estimate for the tuff of sandstone #12 might be improved upon by U-Pb zircon analysis. 
 
4.0 Ma sequence at Fiambalá 
Along the western margin of the Fiambalá basin, a sequence of numerous 
stratigraphically distinct ash beds crops out within a 90 m interval of westward dipping 
sandstones and siltstones (Figure 3.5).  This sequence occurs in the lower half of an 800–
1000 m thick section immediately to the west of Fiambalá (town).  Plagioclase separates 
(An26–46 Ab58–70 Or2–5) from two ash beds in the middle of this 90 m sequence yield 
indistinguishable 40Ar/39Ar ages of 4.0 Ma (Figure 3.5; Appendix A).  Rapid deposition 
and high rates of explosive volcanism are inferred based upon these age estimates. 
Although these ash beds are compositionally quite similar, most of them are 
distinguishable (Table 3.4).  The compositional differences between ash beds are small, 
but so is the compositional variation within an individual ash bed.  The largest 
compositional variation within ash beds can be confined to three samples (Figure 3.5).  A 
sample at the 261 m level (FIA 832) is compositionally similar to an ash bed 1.7 m 
upsection, but exhibits a notably larger compositional range for most elements.  Whether 
this represents sedimentary mixing of multiple eruptive events or a compositionally 
variable magma is unclear.  At ~275 m, a thick pumiceous sandstone (FIA 834) yields a 
much less variable population of glass shards suggesting that in some cases sedimentary 
mixing is not a primary concern.  The upper two ash beds are also more compositionally 
variable than the others in this sequence.  These ash beds (FIA 845, 846) have higher 




Figure 3.5:  Sequence of ~4 Ma tuffs at Fiambalá.  Sample numbers and a 
tephrostratigraphic column are presented in the left hand y-axis; dated ash beds and a 
thick pumiceous sandstone are carried across all panels.  The three panels depict the 
respective oxide concentrations for glass from each sample; small grey diamonds 
represent individual shards and black squares represent the average value of all shards.  
The stratigraphic level is presented on the right hand y-axis; additional volcanic glass 
data from the full section are presented in Appendix A, as are details of the 40Ar/39Ar 
plagioclase laser fusion experiments, which yield a weighted mean age of 4.0 ± 0.1 Ma. 
 
Three closely spaced groups of ash beds in the middle of the sequence have small 
but significant compositional differences.  As is typical of silicic tephra in the region, the 
Fe2O3 variance is 1.5–3.0 higher than for CaO.  The lowermost sequence contains five 
stratigraphically unique ash beds at ~300 m level (FIA 835–839).  Fe2O3, CaO, and Cl 
contents identify subtle differences between these ash beds, suggesting that each ash bed 
derived from a unique eruption.  FIA 836 and FIA 837 are not measurably different and 
may result from either sedimentary reworking of the same eruptive material or two 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































level are distinguished by CaO (FIA 840, 841).  Two closely spaced ash beds at ~327 m 
level may be distinguished by Fe2O3 and MgO (FIA 842, 843).  Each of these groups is 
easily distinguished from the other; for example the group of ash beds at ~300 m has 
higher Fe2O3 and CaO values than the group at ~315 m, and the group at ~327 m can be 
confidently discerned from the other two groups by Cl content. 
The fourteen ash beds documented in the 4.0 Ma sequence at Fiambalá are not yet 
identified at other localities.  These ash beds are a traceable unit for ~5 km to the north 
and ~10 km to the south; focused study of this interval might yield a composite 
tephrostratigraphy with high potential for local and regional correlations.  In fact, recent 
U-Pb age estimates from the Fiambalá basin identify a number of potentially correlative 
ash beds.  Six ash beds sampled to constrain a formational boundary yield ages of 3.90, 
3.93, 3.99, 4.08, 4.11, and 4.12 Ma; pooling zircon grains for all six samples yields a 
weighted mean of 4.02 ± 0.04 Ma (McPherson, 2008).  These ash beds were sampled on 
a north-south transect as far as 60 km north of the 4.0 Ma sequence described here.  The 
U-Pb ages indicate that several different ash beds were sampled and likely correlate to 
those between 298–328 m level at Fiambalá, further suggesting that this sequence may 
contain important regional marker beds. 
The uppermost ash bed reported for this sequence (FIA 846) is compositionally 
similar to the lower tuff of sandstone #12 at PCQ, being distinguished by only by SiO2 
and MgO content and stratigraphic age constraints.  The composition of these ash beds is 
uncommon in the region, suggesting a common source volcano for both.  If FIA 846 is 
from the same source as the tuff of sandstone #12, it might be reasonably expected to be 
deposited and preserved in the Puerta de Corral Quemado section.  At PCQ, the interval 
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 between 1850–1950 m is poorly sampled at present, but ash beds which are correlative to 
the 4.0 Ma Fiambalá sequence may be identified given further study. 
 
Toba Corral Quemado sequence (<3.8 Ma) 
At Puerta de Corral Quemado (PCQ), a 10–15 m thick ash bed provides a 
widespread and continuous chronostratigraphic datum at the 2072 m level (Latorre et al., 
1997).  This ash bed is an important marker bed and was termed Toba Corral Quemado 
by Muruaga (2001).  Toba Corral Quemado crops out in a sequence of ash beds between 
1998–2340 m that yield important local and regional correlations.  Four major ash beds 
found within this interval at PCQ can be clearly differentiated by their Fe2O3 and CaO 
contents; populations of glass shards provide clear criteria for establishing these 
differences (Figure 3.6).  These populations are unimodal, with occasional outliers.  A 
high Fe2O3 ash bed, at the 2198 m level (Arg 244) may contain a minor mode with lower 
Fe2O3 and CaO contents but more analyses are required to rigorously define this.  The 
primary sample of Toba Corral Quemado, dated at 3.66 ± 0.10 Ma (Latorre et al., 1997), 
contains three shards which were excluded from the average value of one analysis. 
A pumiceous ash bed (samples PCQ 1032/1034) ~75 m below Toba Corral 
Quemado is not prominent at PCQ, but yields important correlations to the Fiambalá 
basin (samples 001 and 074; Table 3.5).  At Fiambalá these two samples yield U-Pb 
zircon ages, 3.69 ± 0.12 Ma (001) and 3.74 ± 0.10 Ma (074), in agreement with their 
stratigraphic position (Carrapa et al., 2008).  A third ash bed dated at 3.77 Ma ± 0.10 Ma 
(003) stratigraphically underlies the other two by <20 m (Carrapa et al., 2008).  Fiambalá 
sample 003 has unique glass chemistry owing to its low CaO and Cl contents as well as 
its high MnO content (Table 3.5).  This sample (003) is not known from PCQ, but its  
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Figure 3.6:  EPMA data depicting the composition of four major tuffs <3.8 Ma at Puerta 
de Corral Quemado.  Populations of glass shards demonstrate unique compositions; Toba 
Corral Quemado has characteristically low CaO and Fe2O3 values. 
 
chemistry and age data are reported along with a stratigraphic position of < 1998 m.  
Together these three samples, their zircon U-Pb ages, and their glass composition define 
the base of the sequence beginning at ~3.8 Ma and encompassing Toba Corral Quemado. 
Fiambalá samples 001 and 074 are very close stratigraphically, their ages overlap, 
and EPMA data provides no criteria for distinguishing them (Table 3.5).  The apparent 
correlation of these two samples with PCQ 1032 and 1034 is consistent with the 40Ar/39Ar 
sanidine age of Toba Corral Quemado (Arg 241; Latorre et al., 1997).  Initial data 
indicated that the PCQ samples had lower Fe2O3 and CaO contents than the Fiambalá 
samples.  Reanalysis of PCQ 1034 and Fiambalá 001 during the same analytical session 
resolved this issue and suggests that the higher Fe2O3 and CaO values are correct.  At 
PCQ the stratigraphic relationship between samples 1032 and 1034 is not known; both 
samples are from the pumice rich upper portions of a 30–75 cm thick ash bed.  It is 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































similar eruptions.  Presently these ash beds are assumed to be a single chronostratigraphic 
horizon of identical age and to represent the 1998 m level at PCQ. 
Toba Corral Quemado, the thickest and most widespread ash bed, was investigated 
systematically throughout its ~15 m thickness at PCQ.  Major element compositional 
variation within volcanic glass is minor and internal stratigraphic variation is not 
documented.  However, statistical distance estimates suggest that samples from the 
middle (PCQ 583) and upper (PCQ 584) portions of the ash bed may have slightly 
different compositions than the other samples, all of which were taken in the basal 2 m.  
The original analysis of sample Arg 241 identified a small population of glass shards with 
higher Fe2O3 and CaO content (Figure 3.6).  Subsequent analyses of this sample failed to 
document additional shards of similar composition; therefore, this minor compositional 
mode is noted, but excluded from the average when considering correlation to other 
samples (Table 3.5; Appendix A). 
The extensive data for Toba Corral Quemado build confidence in proposed local 
and regional correlations.  Three samples from the upper Río Corral Quemado drainage 
~12 km NNE of the PCQ section are correlated to Toba Corral Quemado based upon the 
appearance and thickness of the ash bed as well as glass composition (Table 3.5).  This 
correlation is further supported by a zircon U-Pb age of 3.66 ± 0.12 Ma for sample CQ 38 
(Coutand, I. and Sobel, E.R. pers. comm.).  This agrees with the sanidine 40Ar/39Ar age of 
3.66 ± 0.10 Ma reported by Latorre et al. (1997).  An additional correlation is developed 
from these localities in the Corral Quemado basin to an ash bed (FIA 847) sampled in the 
Fiambalá basin (Table 3.5).  Sample FIA 847 was taken from the base of a prominent 0.8 
m thick lenticular tuff with soft-sediment deformation at the 431 m level of the Fiambalá 
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 section.  This sample is ~80 m above the top of the 4.0 Ma sequence, lending further 
support to the proposed correlation. 
In addition to the two volcanic glass compositions below Toba Corral Quemado; 
two compositions are reported above it.  The compositions, based upon multiple samples 
exhibit more variable composition in Fe2O3-CaO space (Arg 244, Arg 267; Figure 3.6).  
Several other compositions are known above Toba Corral Quemado from ash beds at the 
2114 and 2340 m levels.  These are documented by single samples, but have explicit 
stratigraphic relationships with the reported sequence (PCQ 804, PCQ 807; Appendix A).  
Samples Arg 244, PCQ 578, and PCQ 805 are all sampled from the basal meter of a 
prominent cross-bedded 5 m thick tuff ~115 m above Toba Corral Quemado.  The basal 
meter of this tuff is massive and has less detrital contamination than the higher part of the 
tuff.  These three samples provide confidence in correlation to an ash bed ~90 m above 
Toba Corral Quemado in the upper Río Corral Quemado drainage (PCQ 715; Table 3.5).  
At this locality PCQ 715 exists as an impure but laterally persistent tuffaceous horizon in 
the base of a pebble conglomerate.  Prior to concentration, volcanic glass comprises 
<20% of the 125–250 µm fraction; however, the glass is easily purified and all of the 
shards analyzed by EPMA were consistent with the composition defined by samples from 
the 2198 m level at PCQ. 
Samples Arg 267 and PCQ 806 are from the base of a 1.5 m thick ash bed at the 
2320 m level.  Above 30 cm this ash bed contain significant detrital contamination 
including coarse sand and gravel with abundant lithic fragments.  The same sedimentary 
pattern and similar glass chemistry is observed for a 5 m thick ash bed just upsection 
(PCQ 807; Appendix A).  The composition of PCQ 807 is similar to that of the ash bed 
118
 below it, being distinguishable only by slightly higher Fe2O3 and CaO and notably higher 
TiO2.  These ash beds are interbedded with significantly coarser strata than the ash bed at 
2198 m and provide the closest approximation to the top of the PCQ section. 
Of all the late Miocene and Pliocene volcanic ash beds presented in this study, Toba 
Corral Quemado is the thickest and most widespread.  Toba Corral Quemado has high 
potential as a regional chronostratigraphic horizon along the southeastern margin of the 
Puna plateau. This prompts speculation regarding the volcanic source of this deposit. 
Notably, a series of ignimbrites dated at ~3.6 Ma crop out 150 km NW of the PCQ 
section (Schnurr et al., 2007).  These ignimbrites appear to have erupted from calderas 
near the Argentina-Chile border and flowed eastward.  Especially promising is the 
Vallecito ignimbrite, feldspar separates from which are dated at 3.61 ± 0.01 Ma by 
40Ar/39Ar (Kraemer et al., 1999) and 3.6 ± 0.1 Ma by K-Ar (Siebel et al., 2001).  The age 
reported by Kraemer et al. (1999) was obtained from the upper unit of two pumice-poor 
flow units attaining maximum thickness of ~20 m along the western border of Salar de 
Antofalla.  The dispersal of tephra from this region to the Corral Quemado basin is 
considered likely, and conforms very well to the observations laid out in Figure 1.5 of 
this dissertation.  The proposed source area and dispersal pattern are also supported by 
the greatly diminished thickness of Toba Corral Quemado in the Fiambalá basin.  
Geochemical data supporting correlation of Toba Corral Quemado to the Vallecito 
ignimbrite is presented in the following section. 
 
Proposed tephrostratigraphic correlations 
Correlation of volcanic ash beds is proposed on the basis of homotaxy and EPMA 
of volcanic glass.  Confidence in this approach was established through repeated 
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 sampling of major ash beds both laterally and vertically throughout their exposures.  This 
effort is especially well developed for Toba Corral Quemado and the tuff of sandstone 
#12, both exposed extensively in the upper PCQ section.  Mapping these volcanic ash 
beds develops a priori correlation of individual samples which can be further tested by 
EPMA.  These data demonstrate that intra-sample compositional differences within a 
single ash bed resulting from sample variability and analytical reproducibility are minor.  
Correlations are also supported by patterns of shard to shard compositional variation and 
by isotopic age dating of eruptive minerals. 
The regional chronological framework built upon these observations is internally 
consistent; however, tephrostratigraphic correlations may never be proven, they may only 
be supported or refuted.  In the interest of rigorously developing this framework, 
additional effort was undertaken to further test proposed correlations.  This was 
undertaken with the aim of: 1) carefully evaluating chronostratigraphic correlations and, 
2) improving the utility of important tephrostratigraphic horizons in the region. 
Correlations proposed in the preceding sections were identified and evaluated using the 
Statistical Distance function of Perkins et al. (1998; Appendix A).  However, sequences 
of volcanic ash beds with similar chemistry may lead to spurious correlation.  This is of 
concern particularly when short sequences are compared and when the ash beds in 
question are not closely constrained by isotopic age estimates.  Ash beds with similar 
major element chemistry may often be distinguished by trace element concentrations.  
Trace element concentrations measured by ICP-MS have proven useful in supporting 
correlations, deciding between two or more possible correlations, refuting potential 
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 correlations, and further characterizing ash beds.  The results of this work are presented 
in Table 3.6 and discussed in the following pages. 
 
Toba Corral Quemado sequence (<3.8 Ma) 
At Puerta de Corral Quemado, the tuff at the 2198 m level is notable for its high 
concentrations of Ce, Cs, Hf, La, Nd, Rb, Sm, Th, and U, whereas Toba Corral Quemado 
is noted for low Ba, Ce, La, Nd, and Sr concentrations, and relatively high U and Th 
concentrations.  Fiambalá samples 001 and 074, dated at 3.69 ± 0.12 and 3.74 ± 0.10 Ma 
respectively are correlated on the basis on EPMA data and cannot be distinguished by 
trace element data.  Fiambalá sample 003 dated at 3.77 ± 0.10 has unique trace element 
compositions, in particular extremely low concentrations of Ba, Ce, La, Nd, and Sr 
coupled with Cs, Rb, Ta, and U concentrations among the highest measured. 
Toba Corral Quemado correlations to the upper Río Corral Quemado drainage and 
to Fiambalá are confirmed and minor compositional zoning is identified.  The dated 
sample of Toba Corral Quemado from the principal section (Arg 241; Latorre et al., 
1997) was analyzed using five individual digestions in four different analytical sessions.  
These data document high Ba and Sr contents relative to many other samples of Toba 
Corral Quemado.  Sample PCQ 582 was sampled at the base of the ash bed and exhibits 
Ba and Sr contents similar to Arg 241, and different from PCQ 583 and 584 which were 
sampled higher in the ash bed.  As was suggested by the Statistical Distance function 
applied to EPMA data, minor compositional zoning of the ash bed is likely, and trace 
element data support this.  The compositional range exhibited by Ba (204–107 µg/g) and 
Sr (27–13 µg/g) in volcanic glass significantly exceeds the analytical precision as 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 five analyses of Arg 241.  If the early erupted material is inferred to be the first deposited, 
Ba and Sr were enriched at the beginning of the eruptive sequence relative to the end. 
The potential correlation to the Vallecito ignimbrite as a proximal equivalent of 
Toba Corral Quemado is also supported by trace element data.  Data for three whole rock 
samples of the Vallecito ignimbrite are consistent with this correlation excepting a few 
elements.  The Vallecito ignimbrite is characterized by higher Ba, Nd, Sr, and Th values, 
of these Ba and Sr are the most discrepant.  EPMA of a single plagioclase crystal from 
sample Arg 241 measured >1,000 µg/g Ba, well in excess of that measured in volcanic 
glass.  Samples of the Vallecito ignimbrite likely contained feldspars; the Ba and Sr 
values are suspected to record this and therefore do not refute the proposed correlation. 
 
4.0 Ma Fiambalá sequence 
The sequence of closely spaced ash beds dated at 4.0 Ma exhibits very similar trace 
element chemistry throughout, in accord with observations from EPMA data.  The 
rhyodacitic ash bed FIA 846 is distinguished from the other ash beds in the sequence by 
high Ba, Hf, and Sr and by low Ta, U, and Y contents.  The same characteristics are the 
only measureable differences between FIA 846 and tuff of sandstone #12 samples from 
Puerta de Corral Quemado.  Sample Arg 227 shares more similarities with FIA 846 
including relatively lower concentrations of Cs and U and higher Sr concentration 
relative to samples of other tuffs sandstone #12.  Measureable differences in major, 
minor, and trace element composition exist between FIA 846 and the tuff of sandstone 
#12, but the strong similarities in their respective chemistries imply a common volcanic 
source and perhaps temporal affinity.  Direct age measurements of tuff of sandstone #12 
will be valuable in addressing this possibility. 
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 As documented by EPMA data, the ash beds between the 300–330 m level at 
Fiambalá exhibit similar, but distinguishable, chemistries.  Relative to the other ash beds 
in this interval those at the ~327 m level (FIA 842, 843) have high Cs and lower 
concentrations of Ba, Ce. La, Nd, Rb, Th, and Sm.  Fe2O3 and MgO contents suggest that 
ash bed FIA 842 contains different volcanic glass than FIA 843; this is further supported 
by its distinctly lower Ce, La, Nd, Rb, Th, and Y contents.  The two thick ash beds at 
~315 m level (FIA 840, 841) have Ce, La, and Sr contents intermediate to the ash beds 
above and below them; they can be distinguished by their CaO and Sr contents which 
have positive covariance.  Of the ash beds at the ~300 m level, only two (FIA 838, 839) 
were analyzed for trace element concentrations.  These two samples have higher Ce, La, 
and Sr contents than those at the ~315 or ~327 m levels.  While FIA 838 and 839 can be 
differentiated on the basis of Fe2O3, CaO, and Cl, they cannot be differentiated by trace 
element data.  In the 300–330 m interval at Fiambalá, numerous closely spaced and 
chemically similar ash beds likely derived from one or more similar volcanic centers 
which were highly active at 4.0 Ma.  Apparent stratigraphic patterns in Ce, La, and Sr 
may prove useful in subdividing this sequence of ash beds and in understanding the short-
term evolution of the volcanic center(s). 
 
Tuff of sandstone #12 sequence (~4.4 Ma) 
Numerous analyses of the tuff of sandstone #12 confirm correlations proposed by 
EPMA and document significant trace element variation.  Variation in the elements Ba, 
Cs, Nd, Rb, Sr, and Th greatly exceeds the expected analytical precision and indicates 
that the source magma chamber was likely zoned with respect to these elements.  Within 
the lower tuff of sandstone #12, sample Arg 227 (Latorre et al., 1997) has lower Nd and 
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 Rb concentrations and higher Sr concentrations than most other samples.  Sample PCQ 
725 (San Fernando section #1) has the highest Ce and La concentrations of any lower tuff 
of sandstone #12 sample, but trace element data provide strong support for the proposed 
correlation.  Collectively, samples of the lower tuff of sandstone #12 have lower Cs, Rb, 
Ta, and Th and higher Sr contents than ash beds immediately above and below it. 
A stratigraphically distinct ash bed (1828 m level) directly underlying the tuff of 
sandstone #12 has major and minor element chemistry very similar to that of the upper 
tuff of sandstone #12 (cf. Table 3.3).  Correlation of Universität Potsdam sample CQ 22 
can be made to either of the two ash beds on the basis of EPMA and trace element data.  
Subtle differences in Cs, Rb, Th, and U and slightly lower statistical distance values 
relative to upper tuff of sandstone #12 samples (D = 0.8, 1.6, 1.7) than to the samples of 
the ash bed at 1828 m level (D = 2.3, 2.9, 3.3, 3.8) support correlation of CQ 22 with the 
former.  Nonetheless, the ash bed at 1828 m level probably has a genetic relationship 
with the tuff of sandstone #12 and the age difference is not likely to be measurable. 
 
Late Miocene sequence 
Within ~75 m of the late Miocene sequence at Río Guanchin the largest measured 
range of Lu contents is present.  Ash beds at the 6 m level (GUA 810) and the ~80 m 
level (GUA 814) have the lowest Lu of any sample (0.18 µg/g).  The ash bed from the 
~24 m level (GUA 811) has the highest Lu content of any sample (0.43–0.47 µg/g). 
On the basis of EPMA data, GUA 811 is correlated to a Río Guanchin sample dated 
to ~5.2 Ma by U-Pb zircon analysis (055) and to San Fernando section #2 (PCQ 733).  
Relative to other ash beds in the late Miocene sequence these ~5.2 Ma samples have low 
Ce, La, Nd, and Sr and high Lu, Ta, U, and Y.  All trace element values are consistent 
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 with correlation between Río Guanchin and San Fernando, but notable differences in Ba 
and Sr content exist between the dated sample (055) and the other two samples.  Similar 
variation of Ba and Sr within an eruption is documented by Toba Corral Quemado and 
the tuff of sandstone #12, and much more extreme variations in these elements are known 
from eruptive products of large silicic magma chambers (e.g., Bishop Tuff; Wilson and 
Hildreth, 1997).  Sample GUA 811 is a 0.7 m thick lenticular ash bed with soft sediment 
deformation and is replaced laterally by coarse sand.  GUA 811 was sampled close to 
055, but it is probable that due to lateral discontinuity of the ash bed, these two samples 
represent different portions of the eruptive sequence.  The correlation between the two 
samples at Río Guanchin and to the sample at San Fernando is strongly supported by the 
unique (highest measured in NW Argentina) Lu and Y values that they share. 
The late Miocene sequence at Puerta de Corral Quemado is a complicated interval 
with closely spaced ash beds of similar chemistry, data in Table 3.6 represent only those 
ash beds having Ca/Fe <1.0.  Ash beds at ~1540 m level (PCQ 565, 566) have Ca/Fe 
ratios between 0.60–0.68 and can be most easily differentiated from ash beds at ~1518 m 
(PCQ 564) on this basis and by Sr content.  PCQ 564 also has slightly higher Ce and La 
contents and lower Lu than ash beds from ~1540 m level.  Samples PCQ 565 and 566 are 
not easily differentiated by trace element chemistry and can be more confidently 
discerned by their Fe2O3, TiO2, and MgO contents (cf. Table 3.1).  Correlation of 
Universität Potsdam sample CQ 26 to a tuff at the ~1540 m level at PCQ is supported by 
strong trace element similarities with PCQ 565 and 566.  Excellent correspondence in 
trace element composition between Arg 196 and PCQ 560 provides valuable data for the 
129
 dated ash bed defining the base of the late Miocene sequence at Puerta de Corral 
Quemado. 
 
Accuracy and precision of the chronological framework 
The chronological framework developed herein is based upon radioisotopic dating 
of volcanic ash beds; both the U-Pb and 40Ar/39Ar systems are utilized.  A primary goal 
of tephrostratigraphic studies is to extend age estimates from dated samples to new 
localities where material for dating may be scarce or absent.  To this end, major and trace 
element data are presented for volcanic glass from each dated sample.  If a split of a dated 
sample could not be obtained and analyzed, the age information is not drawn upon in this 
study.  Two samples dated by Latorre et al. (1997) provide sanidine 40Ar/39Ar age 
constraints at Puerta de Corral Quemado.  Four splits of samples dated by ion probe U-Pb 
analysis of zircon (Carrapa et al., 2008) have also been analyzed and produce important 
correlations between PCQ and Fiamabalá.  A sample from the upper Río Corral Quemado 
drainage was dated using the methodology described in Carrapa et al. (2008) and is 
presented here for the first time.  Two samples from this study have been dated by 
40Ar//39Ar analysis of plagioclase; compositional data for volcanic glass is presented in 
this chapter and 40Ar//39Ar data are presented in Appendix A. 
These absolute age estimates are consistent with stratigraphic information, and the 
correspondence between the two isotopic systems is excellent.  Some debate exists as to 
the agreement between the U-Pb and 40Ar/39Ar geochronometers, particularly regarding 
the decay constants used for 40Ar/39Ar dating (e.g., Min et al., 2000; Mundil et al., 2006).  
Although the accuracy of the decay constants recommended by Steiger and Jäger (1977) 
is the matter of discussion, research has proceeded by attempts to calibrate the age of 
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 standards commonly used as neutron fluence monitors (cf. Jourdan and Renne, 2007).  
Recent efforts have shifted the age of the Fish Canyon sanidine (FCs) standard older by 
0.6–0.7% (Kuiper et al., 2008) and now by >1.0% (Renne et al., 2010) relative to the 
28.02 Ma age proposed by Renne et al. (1998). 
Recent studies of Cretaceous (Siewert et al., 2010) and Eocene (Smith et al., 2010), 
volcanic ash beds have preferred a 28.201 Ma age for the FCs (Kuiper et al., 2008).  Data 
presented in this chapter and in Appendix A provide no evidence that adopting an age 
>28.02 Ma for FCs is necessary or even favorable for Pliocene volcanic ash beds in 
northwestern Argentina.  All ages in Appendix A are relative to the FCs (28.02) or Taylor 
Creek sanidine (28.34) ages reported by Renne et al. (1998).  The 40Ar/39Ar ages reported 
by Latorre et al. (1997) are relative to a FCs age of 27.84 Ma.  Both of these ages for FCs 
provide reasonable agreement with the U-Pb zircon ages. 
Several opportunities exist to assess the accuracy of absolute ages drawn upon here.  
Importantly, age estimates throughout fall in the correct stratigraphic order.  The latest 
Miocene sequence of ash beds contains two dated samples whose stratigraphic position is 
consistent with their age estimates.  This builds confidence in the 5.23 Ma U-Pb age 
based on a single zircon grain from the Río Guanchin section (Carrapa et al., 2008).  Two 
closely spaced ash beds in the Fiambalá section provide the only instance in which age 
estimates violate stratigraphic position.  These ash beds, dated by 40Ar/39Ar analysis of 
plagioclase, are within 15 m stratigraphically and their age estimates are indistinguishable 
within uncertainty.  While out of stratigraphic order, the similarity of these ages 
establishes confidence in the 4.0 Ma estimate for the sequence of ash beds centered on 
the 300 m level at Fiambalá.  An ash bed that is considered correlative of Toba Corral 
131
 Quemado (3.66 Ma) crops out 125 m upsection, further confirming the accuracy of the 
4.0 Ma ages.  If a weighted mean of 4.0 ± 0.1 Ma (derived from the two plagioclase 
40Ar/39Ar age estimates at Fiambalá) is assumed to represent the age of this closely 
spaced and geochemically similar group of volcanic ash beds it is in excellent agreement 
with the U-Pb system.  McPherson (2008) obtained six U-Pb zircon ages from ash beds in 
the Fiambalá basin, which are presumably the same group of ash beds, and reported a 
weighted mean of 4.02 ± 0.04 Ma.  Glass chemistry of the ash beds dated by the U-Pb 
method will be crucial to assessing the appropriateness of calculating a mean age from all 
samples; yet, existing data indicate that the 4.0 Ma sequence represents a short temporal 
interval so that resolving ages of individual ash beds by U-Pb age is unlikely. 
The most stringent test of accuracy is afforded by Toba Corral Quemado and 
closely associated ash beds.  In the Fiambalá basin, along the Río Guanchin, three closely 
spaced ash beds yield U-Pb zircon ages which define the base of the Toba Corral 
Quemado sequence.  Ages estimates of these samples are stratigraphically consistent and 
define a mean age of 3.7 ± 0.1 Ma (Carrapa et al., 2008).  The upper two ash beds are 
correlative with two samples at PCQ which are ~75 m below Toba Corral Quemado.  The 
close agreement of the U-Pb and 40Ar/39Ar systems at the <100 ka level is encouraging 
and further supported by a U-Pb zircon age of 3.66 ± 0.12 Ma for Toba Corral Quemado.  
This age is identical to the 3.66 ± 0.10 Ma 40Ar/39Ar sanidine age (Latorre et al., 1997).   
Recalculating the Latorre et al. (1997) age with FCs ages of 28.02 Ma (Renne et al., 
1998) or 28.10 Ma (Spell and McDougall, 2003) shifts the age to 3.68 Ma and 3.69 Ma 
respectively.  These ages are younger than or equivalent to the uppermost U-Pb age of 
3.69 ± 0.12 Ma reported by Carrapa et al. (2008).  These shifts are small relative to the 
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 reported 2σ uncertainty and all ages are technically indistinguishable; nevertheless, a 
40Ar/39Ar age for Toba Corral Quemado that does not violate stratigraphic order is 
preferred.  Because the 3.69 Ma U-Pb age is correlative to an ash bed ~75 m below Toba 
Corral Quemado, the 28.10 Ma FCs age (Spell and McDougall, 2003) is considered the 
oldest for which stratigraphic order is not violated by isotopic age estimates.  Following 
this reasoning, and prioritizing agreement between the two radioisotopic systems in 
question, the Toba Corral Quemado ages calculated using the FCs ages proposed by 
Kuiper et al. (2008) or Renne et al. (2010) yield much less favorable ages (3.71 Ma and 
3.72 Ma, respectively).  Accounting for the possibility that zircon crystals may have 
significant pre-eruption magmatic histories and therefore be systematically older, an 
older age limit of ~3.7 Ma is suggested for Toba Corral Quemado. 
A younger age limit can also be placed on Toba Corral Quemado because of its 
paleomagnetic polarity.  In 2007, three oriented blocks were sampled from the fine 
grained base of the tuff at the locality where Latorre et al. (1997) sampled.  Two of these 
blocks were measured for NRM, demagnetized using alternating field methods, and 
found to have reversed polarity.  This places Toba Corral Quemado in the Gilbert 
Reversed Chron because Gradstein et al. (2004) place the boundary between the Gilbert 
and Gauss Chrons at 3.596 Ma.  This supports the 3.66 Ma age estimate and an earlier K-
Ar age (3.53 ± 0.04 Ma; Butler et al., 1984) appears to be slightly too young, which may 
result from incomplete degassing of radiogenic argon from the sample.  This has been 
shown to be the case with other feldspar samples (cf. McDougall et al., 1980; McDowell 
et al., 1983).  The paleomagnetic sampling of Butler et al. (1984) did not extend high 
enough in the section to establish a polarity for Toba Corral Quemado or the position for 
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 the boundary between the Gauss and Gilbert Chrons; doing so would extend 
chronological control upsection and establish a precise, globally recognized, age datum. 
The accuracy of the reported Toba Corral Quemado ages is indicated by agreement 
between 40Ar/39Ar, U-Pb, and paleomagnetic data.  Confidence in the 3.66 Ma age is 
high, and the reported 2σ uncertainties for the 40Ar/39Ar (0.10 Ma) and U-Pb (0.12 Ma) 
systems are demonstrated to be reasonable.  Three U-Pb zircon ages delineate an older 
age bound of 3.7 Ma and a paleomagnetic reversal establishes a younger age bound of 3.6 
Ma.  In the absence of additional, concerted radioisotopic work, accuracy and precision at 
the sub-100 ka level should be considered likely, but not proven. 
Correlation of tephrostratigraphic horizons leads to highly precise age control, but 
accurate ages of correlated horizons rely on primary radioisotopic data.  Because eruption 
and deposition of tephra associated with explosive silicic volcanism generally occurs on 
the timescale of 1–100 years, correlated horizons can be considered ~1,000 times more 
precise than age control provided by two independently dated samples of identical age.  
Considering correlated horizons closely constrained by absolute age estimates as the 
ultimate goal, several intervals of the reported chronological framework can be identified 
for further investigation. 
The latest Miocene sequence has a detailed stratigraphy and inter-basin correlations, 
but relatively imprecise absolute ages.  Additional 40Ar/39Ar or U-Pb ages would be 
valuable in determining the stratigraphic level of the Miocene-Pliocene boundary.  This 
would reduce somewhat the ~2 Ma undated early Pliocene interval for which no inter-
basin correlations exist; however, establishing new ages in the >300 m of strata at PCQ 
which are younger than 3.6 Ma is more critical.  Extrapolation of ages to the top of the 
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 section is undesireable, therefore, ash beds above the 2198 level, as well as those in 
younger disconformable gravel deposits should be regarded as higher priority for dating. 
 
Regional lithostratigraphic framework 
Application of the tephrostratigraphy developed herein presents opportunities for 
comparing strata in widely separated and previously uncorrelated localities (Figure 3.7).  
Combining age control with stratigraphic observations of depositional environment 
elucidates spatial variation and permits reconstruction of depositional systems.  The 
period of time studied (~5.6–3.0 Ma) includes the latest Miocene, all of the early 
Pliocene, and a good portion of the late Pliocene, even though the upper age bounds are 
poorly known at present.  This Mio-Pliocene sedimentary system is very different than its 
precursor and thought to result from segmentation of a regionally continuous foreland 
basin (26–32°S) at ~6 Ma (Carrapa et al., 2008). 
On the western margin of the Fiambalá basin, the Guanchin Formation (~5.5–4.3 
Ma) is composed of mudstones, siltstones, and sandstones interbedded with 
conglomerates which coarsen and thicken upwards.  Along the Río Guanchin, it is 
overlain by coarse grained conglomerates that are clast-supported and poorly sorted.  
These conglomerates have both transitional and unconformable relationships with the 
underlying Guanchin Formation (Carrapa et al., 2008).  The exact nature of this 
stratigraphic relationship is not documented along the Río Guanchin.  Deposition of 
conglomerates in the vicinity continued until at least 3.7 Ma, however the stratigraphic 
record may be discontinuous. 
The lower half of the Fiambalá section, ~15 km to the east, is coeval with of the Río 












Figure 3.7:  Integrated tephrostratigraphy and lithostratigraphy of latest Miocene and 
Pliocene deposits in the Corral Quemado and Fiambalá basins.  Ages estimates (all 2σ) in 
the framework are derived from the following; a – Carrapa et al. (2008), 3.7 Ma age is 
the weighted mean of three ages and 5.23 Ma is the youngest single zircon in the sample, 
b – McPherson (2008), ash said to be ~100 m above the base of the Punaschotter 
Formation, c- Latorre et al. (1997), d – weighted mean of two 40Ar/39Ar plagioclase ages 
from this study (see Appendix A), e – interpolation between 5.64 Ma and 3.66 Ma, using 
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 Quemado (3.66 Ma) predict an age of 4.8 Ma for the base of the section and 2.2 Ma for 
the top of the section.  The upper Fiambalá section is younger than Río Guanchin strata 
and lacks coarse gravel deposits except for a 30 m interval.  This coarse grained interval, 
estimated to be ~3.0 Ma, is directly underlain by evaporite deposits in mudstone and a 
200 m thick interval of laminated siltstones.  Above the gravel deposits at Fiambalá are 
interbedded tuffaceous sandstones and siltstone interbeds which become thicker and more 
common upsection.  These uppermost siltstones are characteristically orange relative to 
other deposits in the section and continue upsection to very coarse grained and poorly 
sorted gravel deposits.  It is unknown whether this contact with the upper gravel deposits 
is structural or stratigraphic in nature. 
At Puerta de Corral Quemado a transition from eolian strata to coarse sandstone and 
occasional conglomerate is recorded in the interval immediately below the 1440 m level 
(5.64 Ma).  From ~1440 m, strata of the Andalhuala Formation continue upwards as 
medium and coarse grained sandstones with occasional gravel or cobble conglomerates 
which define the base of fining upwards fluvial cycles, characteristic of a braided fluvial 
system (Muruaga, 2001).  The finer grained intervals of these cycles consist of overbank 
sandstones and occasional eolian sandstones with paleosol horizons commonly preserved 
at the top of the fining upward sequence.  Nearly 1 km of such Andalhuala Formation 
deposits exist before grading conformably into cobble and boulder sized conglomerates 
which are clast supported and moderately to poorly sorted. 
Two chronostratigraphic intervals can be correlated between the Corral Quemado 
and Fiambalá basins.  The late Miocene sequence of volcanic ash beds yields a robust 
correlation from the Río Guanchin section to San Fernando section #2.  This correlation 
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 is supported by major and trace element data for volcanic glass and by isotopic dating of 
the correlated ash bed (~5.2 Ma).  Directly underlying this ash bed, a tentative correlation 
between Río Guanchin and San Fernando is also proposed.  These correlations establish a 
stratigraphic relationship with the principal PCQ section via an ash bed at San Fernando. 
The second chronostratigraphic interval that yields interbasin correlations is the 
Toba Corral Quemado sequence.  Within this sequence, two correlated inter-basin 
horizons exist.  Samples near the top of the thick gravel section at Río Guanchin have 
been dated to 3.7 ± 0.1 Ma by Carrapa et al. (2008); two of the ash beds have glass 
chemistry indistinguishable by EPMA and ICP-MS and are correlated to the 1998 m level 
at Puerta de Corral Quemado.  This correlation is further supported by its stratigraphic 
relationship with Toba Corral Quemado (3.66 Ma).  Toba Corral Quemado overlies these 
ash beds by ~75 m at PCQ, but is not observed at Río Guanchin.  However, Toba Corral 
Quemado is observed in the Fiambalá section 80 m above the 4.0 Ma sequence.  This 
second inter-basin correlation provides important constraints on the temporal 
relationships between the Río Guanchin and Fiambalá sections. 
The temporal interval from ~5.2–3.8 Ma is extensively studied, but inter-basin 
correlations are yet to be discovered.  The 4.0 Ma sequence of ash beds at Fiambalá 
probably represents a short temporal interval.  Multiple 40Ar/39Ar dates from this 
sequence indicate high rates of sediment accumulation, and help bracket the age of ash 
beds between 4.0–3.7 Ma.  This sequence of ash beds is believed to lie above the tuff of 
sandstone #12 sequence at Puerta de Corral Quemado on the basis of age estimates 
derived from interpolation.  The interpolated age for the tuff of sandstone #12 (~4.4 Ma) 
is the only evidence supporting the hypothesized stratigraphic relationship.  The strong 
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 geochemical similarity observed between the tuff of sandstone #12 and the uppermost ash 
bed of the 4.0 Ma sequence (FIA 846) may implicate a closer temporal affinity.  Direct 
age determinations for additional ash beds will be important to resolving this question.  
Ultimately, inter-basin correlation of these chronostratigraphic intervals will directly 
document the stratigraphic relationship.  Inter-basin correlation seems probable as these 
ash beds are known to be widespread within their individual basins.  The 4.0 Ma 
sequence extends more 60 km from north to south in the Fiambalá basin (McPherson, 
2008), and the sandstone #12 sequence is observed for ~25 km from north to south in the 
Corral Quemado basin. 
Sediment accumulation rates are similar across both basins.  A range of 300–600 
m/Ma encompasses the rates estimated between most of the dated intervals.  This is 
consistent with long term average rates for the late Miocene and Pliocene elsewhere in 
the Central Andes (Bywater-Reyes et al., 2010).  One notable departure from this 
sediment accumulation rate is observed.  The coarse gravel deposits along the Rio 
Guanchin are calculated to have accumulated at a rate of ~2,500 m/Ma. 
This estimate is based upon the following three pieces of information: 1) an ash bed 
dated at 3.9 ± 0.12 Ma is “approximately 100 m above the contact with the Guanchin 
Formation” (McPherson, 2008), 2) three ashes at the top of these gravel deposits yielded 
a weighted mean age of 3.7 ± 0.1 Ma (Carrapa et al., 2008), and 3) “The thickness of this 
unit is ~600 m” (Carrapa et al., 2008).  Accounting for potential errors in thickness and 
age, it is possible to reduce this value to 1,200 m/Ma in the most extreme case.  It should 
also be considered that the finer-grained, and more deeply buried, strata may have 
undergone significantly more compaction; however, this would decrease calculated 
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 sediment accumulation rates by 10–20% (Allen and Allen, 2005).  It thus seems that in 
the Fiambalá basin at least rates of conglomerate deposition were anomalously high. 
 
Deposition of conglomeratic units 
Widespread conglomerate units at the plateau margin have long drawn the interest 
of geologists.  Penck (1920) is commonly cited as first describing these boulder 
conglomerates in the Fiambalá basin, where he named them “Punaschotter” – Puna 
gravel(s).  Punaschotter was adopted by Allmendinger (1986) as a unit name and 
extended ~120 km northward along the plateau margin.  His description can be 
summarized as a boulder conglomerate comprised of rounded granitic clasts and minor 
metasedimentary clasts, locally interbedded with medium to coarse sandstone.  These 
characteristics are attributed to the unit throughout its extent and are considered to 
encompass both the Corral Quemado and Fiambalá localities documented in this study. 
In the Corral Quemado basin, Allmendinger estimated that the Punashotter may 
be as old as 2.35 Ma based upon the work of Butler et al. (1984).  Extrapolation through 
the upper two 40Ar/39Ar dated ash beds from Latorre et al. (1997) yields an age of ~2.7 
Ma for the onset of Punaschotter deposition at Corral Quemado.  Much of the 
discrepancy between these estimates is due to differences in the assumed stratigraphic 
relationship between Toba Corral Quemado (3.66 Ma) and the Punaschotter.  
Allmendinger (1986) stated that there is ~660 m of conformable section above the 
highest dated tuff; yet this study has been able to document no more than ~300 m. 
The uppermost PCQ strata and overlying disconformable Punaschotter contain 
ash beds with material appropriate for 40Ar/39Ar or U-Pb geochronology; yet this goal 
remains unrealized.  Such data will provide direct constraints on the initiation of 
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 Punaschotter deposition in the Corral Quemado basin.  Nonetheless, correlation between 
the two localities containing Toba Corral Quemado and overlying coarse grained strata 
advances understanding of the Punaschotter locally.  Importantly, Punaschotter are 
observed to be conformable with underlying Pliocene sediments at PCQ. 
In the upper Río Corral Quemado drainage, Toba Corral Quemado overlies a 
medium grained sandstone in a gently deformed syncline.  Overlying strata are 
interbedded mudstones, fine to medium grained sandstones, and pebble to granule 
conglomerates capped by a 1–2 m veneer of basaltic boulders.  The basaltic boulders are 
coated with carbonate rinds and in places they coalesce into a well developed pedogenic 
carbonate horizon.  The boulder deposit capping the section is interpreted as a long-lived 
geomorphic surface which has an unconformable relationship with the underlying strata.  
Evidence for Punaschotter deposits in the upper Río Corral Quemado is currently lacking; 
instead, the Punaschotter are confined to the plateau-margin range front due west of the 
upper PCQ section.  This documents strong spatial variation in Punaschotter deposition 
along strike.  All evidence of Punschotter deposition in the Corral Quemado basin 
significantly postdates Toba Corral Quemado (3.66 Ma) and is assumed to be late 
Pliocene and Quaternary. 
In the Fiambalá basin, Toba Corral Quemado (TCQ) also provides important 
constraints on deposition of the Punaschotter.  The TCQ sequence of volcanic ash beds 
establishes proximal-distal relationships in Punaschotter deposition within the basin.  The 
ash beds at the base of the TCQ sequence are defined, and isotopically dated, at the Río 
Guanchin section where they overlie ~600 m of Punaschotter.  Conservative estimates 
suggest that this entire thickness of gravel was deposited during the early Pliocene.  This 
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 documents a diachronous onset of deposition for the Punaschotter between the Fiambalá 
and Corral Quemado basins. 
Identification of Toba Corral Quemado in the Fiambalá section clearly identifies 
strongly diachronous deposition within the Fiambalá basin.  Based upon lithostratigraphic 
relationships, the Fiambalá section is proposed to be a distal equivalent of the Río 
Guanchin section.  Detailed work is required to establish the nature of this relationship, 
but fluvial, floodplain, and alluvial plain depositional environments in the distal basin can 
be clearly identified as coeval with Punaschotter deposition on the western margin of the 
basin.  A brief interval of conglomerate deposition is recorded at ~3.0 Ma in the distal 
portion of the basin, but this rapidly returns to deposition of fine-grained material.  This 
brief interval of cobble conglomerates is bedded and well-sorted, characteristics which 
set it apart from classic “Punaschotter” conglomerates.  It is suggested that the 
conglomerates may represent the distal reaches of a Punaschotter alluvial fan, and that 
lenses of similarly thin conglomeratic intervals might be found at different stratigraphic 
levels along strike. 
In summary, tephrostratigraphic constraints on spatio-temporal deposition of the 
Punaschotter document strong diachroneity.  Deposition in the Fiambalá basin precedes 
that in the Corral Quemado basin by a minimum of 0.6 Ma, and possibly as much as 1.6 
Ma.  Some of the uncertainty in this estimate could be eliminated by additional numerical 
age determinations on volcanic ash beds; however, much of the uncertainty is a result of 
the diachronous nature of conglomerate deposition within individual basins.  Estimates 
are minimum ages because initiation of deposition is time-transgressive, initiating at a 
source and prograding basinward.  Likewise, initiation of deposition could propagate 
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 along strike as uplift migrates along a fault zone.  The specific source of the Punaschotter 
is inferred to be uplift of resistant bedrock along basin margins. 
Specifically, it is suggested that deposition of the conglomerates, referred to in a 
regional context as Punaschotter, is directly related to exposure of Paleozoic crystalline 
and metasedimentary rocks along active faults.  This implicates two factors in the 
formation of the Punaschotter: 1) relief generation resulting from uplift along a fault 
zone, and 2) exposure of erosion resistant bedrock lithologies along active fault zones.  
As uplift commenced at the margin of basins, overlying sedimentary cover and less 
resistant sedimentary rocks would have been stripped without generating coarse clastic 
debris (e.g., Carroll et al., 2006).  When more resistant bedrock types became exposed, 
deposition of Punaschotter would have initiated.  Arid climates, in particular, should be 
particularly sensitive to development of coarse grained deposits during episodes of high 
uplift rates (Sobel et al., 2003).  The geometry of the resulting conglomeratic deposit 
should be influenced by structural style, uplift rate, rock strength and resistance to 
weathering, as well as geomorphic and climatic controls on weathering and transport. 
 
Structural and stratigraphic relationships in the Corral Quemado basin 
Two parallel sections at PCQ expose more than 2.5 km of late Miocene and early 
Pliocene strata along the northwest dipping flank of a plunging anticline (Figure 3.8).  On 
the north side of Río Corral Quemado, Butler et al. (1984) measured a 
magnetostratigraphic section.  The upper 1,200 m of this section has been sampled 
extensively, and volcanic ash beds from the late Miocene sequence as well as those from 
the sandstone #12 interval can be correlated to south of the river.  This section is 
truncated by Rio Corral Quemado before it reaches the stratigraphic level of Toba Corral  
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Figure 3.8:  Structral and stratigraphic map of the Corral Quemado basin. 
 
Quemado.  However, Toba Corral Quemado is identified on this side of the river ~10 km 
to the north in a gently warped syncline.  A thick tuff, Toba del Puerto, crops out ~1 km 
below the late Miocene sequence of ash beds and is an important marker bed locally 
(Muruaga, 2001).  Toba del Puerto can be traced across the river where it has been dated 
at 7.14 ± 0.04 (Latorre et al., 1997). 
On the south side of Río Corral Quemado, Toba del Puerto is tightly folded in the 
hinge of a plunging anticline (Figure 3.8).  Toba del Puerto is an important stratigraphic 
and structural datum, but the interval between it and the late Miocene sequence of ash 
beds remains poorly understood.  This ~1 km thick stratigraphic interval contains 
abundant eolian sandstone and is poorly fossiliferous compared to the strata above and 
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 below it.  Volcanic ash beds have been sampled from this interval, but a coherent 
tephrostratigraphy has not yet been achieved in these eolian strata. 
The upper section on the north side of Río Corral Quemado contains laterally 
extensive exposures of the late Miocene, sandstone #12, and Toba Corral Quemado 
volcanic ash sequences.  In contrast to the lower part of the section, strata in these 
intervals have remarkably constant attitude (Strike = N50E ± 10°; Dip = NW30 ± 3°).  
The highest ash bed in the TCQ sequence (2340 m level) is still dipping at ~30°.  
Upsection and toward the range front from this sample, volcanic ash beds in gravel dip 
progressively more shallowly.  Neither stratigraphic height nor age estimates presently 
exist for these ash beds, but these strata are interpreted to record proximal sedimentation 
during uplift of the range to the west, and later, concurrent growth of the anticline to the 
east.  Disconformable surfaces have not been identified within these gravel deposits, but 
interbedded ash layers provide evidence that they may exist.  Based upon these 
observations it is suggested that surface deformation associated with growth of the 
anticline did not begin until well after 3.6 Ma.  This is constrained only by the youngest 
ash bed in the section with an absolute age.  Dating of ash beds from the upper TCQ 
sequence and from the disconformable gravels will provide significantly improved 
constraints on the timing of this deformation. 
Correlation with ash beds at two additional localities in the Corral Quemado basin 
do not provide further information on timing, but they do constrain the geometry of 
deformation.  The primary structural feature exposing Miocene-Pliocene strata at PCQ is 
the south-vergent plunging anticline, presumed to be active after 3.6 Ma, and possibly 
much later.  Exposures of ash beds at San Fernando, ~12 km SSE of the main section dip 
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 shallowly to the SW.  A late Miocene ash bed dated at 5.23 Ma dips 15°; whereas the tuff 
of sandstone #12 (4.4 Ma) dips ~5°. 
In summary, the range front gravels at the top of the PCQ section provide a 
minimum age estimate for the uplift of the range to the west.  The gravels (Punaschotter) 
are conformable with the underlying Pliocene strata, and were deposited at least 5 km 
distal from their inferred source.  These gravels were subsequently tilted to the northwest, 
and deformation continued during deposition of younger gravel deposits.  This 
deformation is associated with the growth of the anticlinal structure to the east.  The 
relationship between the growing anticline and the range front fault system is unknown.  
One possibility is that the fault inferred to separate Toba Corral Quemado from older 
strata on the north side of Rio Corral Quemado continues across the river to the top of the 
PCQ section.  Together, these observations support a strong pulse of Pliocene 
deformation beginning at the range front and later involving anticlinal growth to the east. 
 
Structural and stratigraphic relationships in the Fiambalá basin 
Two stratigraphic sections in the Fiambalá basin document dramatically different 
depositional environments.  A simple model of the early Pliocene depositional system is 
proposed, based on observations summarized in Figure 3.6 and discussed briefly here.  
The section measured along Río Guanchin is suggested to represent the proximal to 
medial portions of a sedimentary system originating on the western margin of the basin.  
The Fiambalá section, 15 km to the east, is assumed to be the distal portion of this 
sedimentary system (Figure 3.9).  Bedrock exposures immediately to the west are 
suggested to be an important sediment source for strata at both sections.  The distal  
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Figure 3.9:  Structural and stratigraphic map of Fiambalá basin, geologic units and faults 
from Carrapa et al. (2008), with mapped anticlinal and synclinal structures excluded. 
 
(Fiambalá) strata probably also received sediment input from an axial fluvial system 
originating in the north and draining towards the south (Carrapa et al., 2008). 
At Fiambalá, the base of the section (4.8–4.3 Ma) is characterized by blue-gray 
cross-bedded sandstones interbedded with pale brown sandstones.  The blue-gray 
sandstones become less abundant upsection.  The interval between 4.3–3.7 Ma contains 
carbonate bearing paleosol horizons, fossil wood, and numerous volcanic ash beds.  
Above this, Toba Corral Quemado (3.66 Ma) is interstratified in the base of laminated 
siltstones ~200 m thick.  The top of the laminated siltstones is capped by bedded gypsum 
and claystone.  These intervals comprise the lower Fiambalá section and document a 
general fining upwards trend.  In the absence of robust paleocurrent estimates this trend is 
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 interpreted as displacement of an axial fluvial system flowing N-S by a margin alluvial 
fan system growing on the western margin of the basin. 
This fining upwards sequence is truncated abruptly at the 640 m level (3.0 Ma) by 
the first true gravels in the section.  The gravels are interbedded with coarse gray, 
occasionally tuffaceous, sandstones for ~120 m.  Above this level (760 m), the grey 
sandstones become finer and are interbedded with pink siltstones and red claystones.  
Exposure is poor at the top of the section, but eventually the pink siltstones and gray 
sandstones come into contact with very coarse conglomerates of unknown age.  The 
nature of this contact is also unknown, but no evidence exists to suggest that the contact 
is structural.  If this contact is stratigraphic, conformable or otherwise, it represents the 
youngest and most basinward deposition of the Punashotter. 
Clast counts from the Punaschotter support the general depositional model 
proposed (Carrapa et al., 2008).  Based on this depositional model and the stratigraphic 
observations from Fiambalá, several additional hypotheses can be put forward.  Firstly, 
the gray and pale brown sands at the base of the Fiambalá section might represent at least 
two individual source lithologies, one derived from the west and the other representing an 
axial fluvial system.  Secondly, the pink silts and red clays which become increasingly 
abundant above the Fiambalá gravel interval (~3.1 Ma) may represent the growing 
importance of the Miocene Tamberia Formation as a source for sediment in the late 
Pliocene.  Deformation of Tamberia Formation strata to the west is a probable cause of 
this change.  The petrology of the sand, silt, and clay portions of these strata would 
provide a valuable comparison to that of the Punaschotter and be an appropriate test of 
the hypothesized relationships. 
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 Strata of the Fiambalá section dip westward at 30–35°, and there do not appear to 
be any significant changes in dip within the section.  The age at the top of the section is 
poorly constrained, but extrapolation through the three horizons of known age suggests 
that the top of the section may be younger than 2.5 Ma.  In the absence of obvious 
upsection decreases in dip, it is suggested that the investigated strata were deformed after 
~2.5 Ma.  This is the youngest phase of deformation recorded by Miocene-Pliocene 
strata.  Deformation to the west began at least 5.5 Ma and continued to at least 3.7 Ma 
immediately to the west of the Río Guanchin section (Carrapa et al., 2008).  Back tilting 
of the Fiambalá strata is younger, and further documents eastward progressing 
deformation throughout the Pliocene. 
 
Timing, style, and locus of plateau-margin deformation 
Several unifying characteristics can be ascribed to plateau-margin deformation as 
observed in the Fiambalá and Corral Quemado basins.  Onset of Punaschotter deposition 
can be considered Pliocene in the regional sense, but the record is shown to be 
diachronous both within and between basins.  Gravels document relief generation, which 
should lag deformation and exhumation.  This coupled with along strike and proximal-
distal differences in the timing of gravel deposition, ensures that deposition of the 
Punaschotter Formation yields only minimum age estimates for initiation of deformation 
at the margin.  In the Fiambalá basin, Punaschotter deposition spans at least 4–3 Ma.  At 
Corral Quemado it can only be said to be significantly younger than 3.6 Ma, perhaps 3–
2.5 Ma. 
Structural deformation of Miocene-Pliocene strata provides another constraint on 
plateau margin deformation.  At both Corral Quemado and Fiambalá, deformation toward 
150
 the center of the basin significantly post-dates the initiation of uplift at the basin margin.  
Within an individual basin, deformation appears to migrate eastward with time.  In the 
Fiambalá basin, this began to the west of the basin margin by at least 5.5 Ma (Carrapa et 
al., 2008).  No such age control exists for basin margin deformation at Corral Quemado. 
As a first approximation, it can be stated that plateau margin deformation 
probably began 6–5 Ma in the region (cf. Sobel and Strecker, 2003).  This deformation 
was contractional in nature, and may have continued until 2 Ma or later.  The timing of 
the youngest contractional deformation remains a fundamental problem which will 
require further integration of geochronology with the Punaschotter and with the 
geomorphic record of landscape evolution in the region.  By 2–1 Ma, a neutral to 
extensional stress regime existed within the plateau and along its margins (Schoenbohm 
and Strecker, 2009).  Documenting the change from a contractional to extensional stress 
regime at the plateau margin is an interesting problem, for the time being it can be said 
that a strong pulse of contractional deformation occurred during the Pliocene and may 






PALEOSOL CARBONATE RECORDS OF CLIMATE AND 
ENVIRONMENT:  REGIONAL SYNTHESIS 
 
Introduction 
Having developed a long paleoenvironmental record at Puerta de Corral Quemado 
(Chapter 2) and some understanding of surface deformation along the southeastern 
margin of the Puna plateau (Chapter 3), this chapter addresses Miocene-Pliocene climate 
and environment in a regional context.  Stable isotope proxy records are compared across 
2° of latitude at the plateau margin.  Four sedimentary basins are discussed (from south to 
north): Fiambalá, Corral Quemado, Vallé Santa Maria, and Angastaco (Figure 4.1).  New 
pedogenic carbonate stable isotope data and additional chronological control are 
established for the three southernmost localities, and compared with recently published 
data from Angastaco.  Three periods of marked 13C enrichment beginning at ~5.6, 4.3, 
and 3.6 Ma are noted, as is a long-term enrichment in 18O between 7and 4 Ma. 
The fundamental question is whether these isotopic enrichments actually record 
regional ecologic (climatic?) events.  Paleosol carbonate δ18O data are affected by 
numerous confounding variables, including temperature, precipitation source, 
precipitation season, precipitation amount, and soil water evaporation.  Disentangling  
 
  
Figure 4.1:  Location map for Miocene-Pliocene stable isotope proxy records in the 
southern Central Andes; a) major morphotectonic provinces (after Jordan et al., 1983), 
b) shaded relief map on the southern Puna plateau and surrounding regions (using Shuttle 
Radar Topograpy Mission 3 arc second data), the termination of the Central Volcanic 
Zone (CVZ) and beginning of the Sierras Pampeanas magmatic gap is approximately 
coincident with the southern margin of the plateau.  FIA denotes the Fiambalá basin, 
PCQ the Puerta de Corral Quemado basin, VSM, the Vallé Santa Maria basin, and ANG, 
the Angastaco basin. 
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 these factors is not generally tractable.  Paleosol carbonate δ13C values are more easily 
interpreted, but in a landscape that contains a mixture of C3 and C4 plants major climatic 
and ecologic events are not necessary to generate rapid shifts in paleosol carbonate δ13C.  
Thus an alternate hypothesis is that many δ13C enrichments in the region merely result 
from the vagaries of the geologic record. 
It has been demonstrated that the latest Miocene and Pliocene landscape 
contained a mixture of C3 and C4 plants, and paleosol carbonate proxies may record 
spatial distribution of plant types.  It thus follows that a stratigraphic change in paleosol 
carbonate δ13C may result from either temporally or spatially related changes at that 
location.  If closely spaced and coeval stratigraphic sections record different depositional 
environments, it may suggest that plant distribution varied similarly.  Stratigraphic 
changes in depositional environment can indicate a shifting landscape and isotopic 
variation coincident with changes in depositional environment cannot a priori be 
interpreted to reflect extra-local forcing.  This is particularly true in low latitude settings 
where the ancient environment was relatively arid.  In such settings, C3 plants may 
dominate the riparian ecosystem, and in turn the geologic record if the deposits of interest 
are fluvial or alluvial in nature (cf. Behrensmeyer et al., 2007; Levin et al., 2004, in 
review).  Rapid landscape shifts in plant communities may be caused by relatively 
common geomorphic phenomena; e.g., avulsion of the active channel in alluvial fans 
depositional systems or avulsion of fluvial channels in tributary systems.  A less rapid, 
but equally probable process for shifts in vegetative communities is progradation of 
coarse alluvial deposits associated with basin margin uplift (cf. Chapter 3). 
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 The difficulty, then, in constructing a regionally relevant record of climate and 
ecology from paleosol carbonate δ13C, is demonstrating that the isotopic signal is indeed 
regional.  Demonstrating regional patterns of paleosol carbonate δ18O can be less 
difficult, but the ultimate causes of trends or shifts are elusive. 
To make a rigorous comparison of stable isotope proxy data across distances of 
100 km, chronological control is essential.  Numerical age estimates and inter-basin 
correlations of volcanic ash beds provide a basic framework for the Fiambalá basin 
(Chapter 3), and a new framework for Vallé Santa Maria is developed in this chapter. 
 
Material sampled and methods employed 
Volcanic ash beds were sampled extensively at seven sections within and adjacent 
to Vallé Santa Maria.  Those data are discussed briefly in this chapter as they apply to 
new and existing stable isotope data from pedogenic carbonate.  Volcanic glass was 
analyzed by electron probe microanalysis (EPMA) and inductively coupled plasma–mass 
spectrometry (ICP-MS) methods, as described in Chapter 3.  Four 40Ar/39Ar ages from 
Vallé Santa Maria are drawn upon; complete data is given in Appendix A. 
Pedogenic carbonate was sampled in three geologic settings: 1) nodular and 
disseminated carbonate from paleosol horizons, 2) carbonate crusts and disseminated 
carbonate from boulder and gravel terraces high above modern river level, and 3) 
disseminated and nodular carbonate in modern soils.  Stable isotope analysis of carbonate 
was carried out in a common acid bath autosampler coupled to an Isotope Ratio Mass 
Spectrometer (IRMS) in continuous flow mode.  Details of the methodology, including 
an assessment of accuracy and precision are available in Chapter 2.  In general, the 
external reproducibility for δ13C is on the order of 0.1‰ and δ18O is ~0.2‰. 
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 Fiambalá basin 
Paleosol horizons are described from Fiambalá ~ 100 m below the 4.0 Ma 
sequence of volcanic ash beds.  Paleosol carbonate nodules were sampled from a closely 
spaced series of paleosols between the 170 and 190 m levels (Figure 4.2).  Parent 
material is very pale reddish brown silty clayey sandstone interbedded with tuffs, 
sandstones, and fossil wood.  The matrix of the paleosols is leached of CaCO3.  
Pedogenic nodules sampled were 5–10 mm in diameter and range from 40–75% 
carbonate.  The thickness of paleosol horizons is ~2 m and all nodules were taken from 
near the top of the carbonate bearing horizons, or ~40–70 cm below the top of the 
paleosol.  A fourth paleosol, at ~220 m level, also contained authigenic carbonate.  This 
soil horizon contains flat, platy chips of carbonate throughout its thickness and is 
considered a poorly developed soil.  Carbonate was not sampled from this horizon.  
The stable isotope data obtained from paleosol carbonate documents a ~4‰ shift 
in δ13C values through 15 m of strata (Figure 4.2; data available in Appendix A).  This 
dramatic shift towards 13C enriched values is interpreted to document an increase in the 
proportion of C4 plants.  Once it became evident that such a shift might exist, a second—
more detailed—sampling was undertaken.  Paleosol carbonate nodules were cut in half 
and one half was subsampled using a hand held drill.  If the nodule was devoid of sparry 
calcite veins the other half was amalgated with other nodules from the horizon and the 
<125 µm fraction was analyzed in replicate.  The stable isotope data from this 
amalgamated powder correspond well to the median values derived from samples and 
subsamples of individual nodules.  In each case the bulk powder represents four to five 





Figure 4.2:  Stable isotope data for pedogenic carbonate in the lower Fiambalá section.  
Age constraints for the Guanchin (Proximal) section are taken from Carrapa et al. (2008) 
and McPherson (2008).  Age constraints for the Fiambalá (Distal) section are from 
Chapter 3 of this dissertation.  Full isotopic data are given in Appendix B. 
 
carbonate is notably higher for the bulk powder, likely due to the exclusion of matrix 
(predominantly quartz/feldspar) from the <125 µm fraction. 
These data record a δ13C enrichment of 0.8‰ between the 171 and 184 m levels, 
and a further enrichment of >3.5‰ between 184 and 186 m.  No evidence is found for a 
δ18O shift across this interval.  Several mechanisms can be invoked to explain the rapid 
(~40 ka) δ13C shift in paleosol carbonate.  Ecological expansion of plants using C4 
photosynthesis is possible, though the most comprehensive isotopic records from the 
region do not document any event synchronous with the Fiambalá shift (4.4–4.3 Ma).  
Local or regional climatic forcing might reasonably cause an increase in C4 vegetation.  
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 One such possibility is aridification, but evidence of climatic change is not provided by 
δ18O data.  A decrease in soil respiration rates might also cause a rapid positive shift in 
δ13C, but this effect should be most pronounced at shallow depths and increased soil 
water evaporation (and 18O enrichment) should be attendant on such changes. 
Alternatively, a rapid δ13C shift without a corresponding shift in δ18O values can 
be explained by a shift in landscape position across a mixed C3/C4 ecosystem.  In the 
Fiambalá basin a landscape-scale shift might reasonably be controlled by depositional 
systems.  In particular, displacement of an axial fluvial system and associated riparian 
vegetation by marginal alluvial fan ecosystems and more open vegetative environments 
might explain the δ13C shift in paleosol carbonate (cf. Chapter 3).  Similarly, shifting of 
the active channel in a large alluvial fan could also rapidly shift vegetative communities 
on the landscape.  Thus, the δ13C data in distal strata (Fiambalá section) is hypothesized 
to record the onset of coarse gravel deposition (Punaschotter Formation) along the 
western margin of the basin. 
The timing of these two events is approximately coeval.  The age of the paleosols 
is established by linear extrapolation from Toba Corral Quemado (3.66 Ma) downsection 
through the ~4.0 Ma sequence of ash beds.  The age of the base of the Punaschotter 
Formation along the western margin of the Fiambalá basin is shown to vary locally, but 
on the basis of U-Pb zircon ages it began at least by 4.2 Ma (McPherson, 2008).  
Ultimately additional field mapping combined with tephrostratigraphic and isotopic 
studies will provide the most robust test of the proposed sedimentation driven 13C 




 Puerta de Corral Quemado 
In addition to the detailed paleosol carbonate record of Latorre et al. (1997), other 
isotopic data are contributed here.  A fossil bearing paleosol was sampled from the 1462 
m level, this was established by correlation of an ash bed immediately overlying the 
paleosol (PCQ 217; Table 3.1).  The sampled paleosol is over 2 m thick, and carbonate 
nodules were taken from greater than 1 m depth.  Isotope data from this paleosol 
carbonate help to fill a 175 m thick stratigraphic gap in the published record (Latorre et 
al., 1997).  Measured δ13C values (Table 4.1) are slightly enriched relative to the paleosol 
carbonate in the 200 m above and below this level which average -7.1 ± 0.7‰ (n=14).  
Similarly, fossil teeth sampled from this paleosol have some of the highest δ13C values of 
all fossils at Puerta de Corral Quemado (cf. Figure 2.5e). 
Soil carbonates from Quaternary geomorphic features along the Río Corral 
Quemado also contribute data to a large gap in the existing isotope record (Table 4.1).  A 
carbonate pendant was sampled east of upper Río Corral Quemado ~240 m above the 
modern river level.  This laminated carbonate was sampled from 50 cm below the 
modern surface, and subsampling through its 2 cm thickness revealed measureable 
isotopic differences. 
A second terrace was sampled at Puerta de Corral Quemado along the southern 
side of Río Corral Quemado ~60 m above modern river level.  This terrace is 
characterized by a well developed desert pavement and 3 cm thick vesicular A (Av) 
horizon.  Disseminated carbonate in the Av horizon is relatively enriched in 13C and 18O 
indicating potential influences from detrital marine rocks of Paleozoic age, atmospheric 
CO2, and soil water evaporation.  A sample of loess from 25 cm depth also contains 
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 disseminated carbonate, and its isotopic composition suggests contribution from soil 
respired CO2 and reduced degrees of soil water evaporation (PCQ 1039; Table 4.1).  
These data are consistent with those reported for a Holocene age soil in the region , 
where a strong soil water evaporation signal is documented (McFadden et al., 1998). 
 
Vallé Santa Maria 
Approximately 2 km of continental Neogene strata are exposed along the eastern 
margin of Vallé Santa Maria.  The upper 500–800 m of these strata belong to the 
Andalhuala Formation, and are equivalent to the upper section at Puerta de Corral 
Quemado.  Kleinert and Strecker (2001) have constructed a paleosol carbonate record in 
Vallé Santa Maria spanning 12 Ma–present.  The geochronological control on these strata 
and the age model applied to the paleosol carbonate are not explicit, and comparison with 
Puerta de Corral Quemado is currently not possible at high temporal resolution.  
However, samples of paleosol carbonate and volcanic ash beds from Vallé Santa Maria 
have produced the first direct tie with Puerta de Corral Quemado.  The results of this 
work are presented here as a first step toward integration of these two records. 
 
Stable isotope stratigraphy of Vallé Santa Maria 
Two paleosol horizons of Kleinert and Strecker (2001) have been identified in the 
field and the stable isotope composition of their carbonate has been determined.  Field 
and laboratory data both support correlation of these horizons with published data.  
Kleinert and Strecker (2001) describe two paleosols developed on volcanic ash beds 
separated by ~50 m stratigraphically.  These paleosols, and associated carbonate, were 
sampled from section #1 at Entre Ríos (Appendix A).
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The most prominent paleosol is developed on a 1–1.5 m thick volcanic ash bed (Figure 
4.3a).  Sample ENTR 535, taken from the upper portion of this paleosol, contains poorly 
preserved volcanic glass shards and is devoid of carbonate.  Sample ENTR 534, taken 
from the lower portion of the paleosol, contains nodular and disseminated carbonate in 
addition to well preserved volcanic glass.  Isotopic analysis of disseminated carbonate in 
ENTR 534 produces values similar to previous measurements, though the δ18O values 
reported here are 1.5–2.0‰ more negative (Table 4.2).  This (upper) tuffaceous paleosol 
is exposed 10 m below the thickest and most prominent ash bed in Vallé Santa Maria.  
This ash bed contains a thin yellow horizon in some exposures.  Due to its utility as a 
stratigraphic marker it has been informally termed, toba rayita amarilla (TRA, herein).  
Taken together, TRA and the tuffaceous paleosol below it, provide the most prominent 
stratigraphic interval in Vallé Santa Maria and the most confident correlation with 
previous work (Figure 4.3b). 
The second correlated paleosol horizon is less secure, but probable nonetheless.  
This tuffaceous paleosol is reported to contain rhizoliths and crops out ~50 m 
 
 
Figure 4.3:  Field photographs of the tuffaceous paleosol interval at Entre Rios: a) upper 
tuffaeous paleosol sampled in section ENTR #1, b) TRA at the base of section ENTR #2. 
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 downsection from the upper tuffaceous paleosol (Kleinert and Strecker, 2001).  A similar 
occurrence was sampled ~100 m below the upper tuffaceous paleosol; these two 
estimates of stratigraphic thickness are considered within error given the rough terrain, 
and the two samples may represent the same paleosol.  This incipient paleosol was 
observed to form on top of a 0.5–1.2 m thick volcanic ash bed.  This ash bed, sampled in 
three localities along strike in Vallé Santa Maria overlies another ash bed by 1–4 m.  At 
Entre Ríos the lower bed contains no carbonate, while the upper bed is bioturbated at the 
top and contains carbonate.  This pedogenically modified ash bed also yields stable 
isotope data in agreement with previously reported values (Table 4.2). 
 
Table 4.2:  Stable isotope data comparative with that of Kleinert and Strecker (2001). 
Sample ID Material Age
a δ13C δ18O
(Ma)  n
b (PDB) ±1σ (PDB) ±1σ
modern-recent surficial carbonate
Recentc pebble coating 0.00–0.01 2 -5.5 0.1 -2.3 0.1
TUC 908d carbonate nodule 0.00–0.01 3 -7.4 0.4 -2.2 0.2
ENTR 538d disseminated carbonate 0.00–0.005 2 -3.9 0.5 -2.6 0.2
pediment (~0.9 Ma)
Ped-III
c Calcrete 0.9 3 -3.3 1.0 -4.9 0.4
ENTR 527
d carbonate pendant; inner tan 0.3–1.2 2 -2.8 0.0 -0.3 0.0
ENTR 527d carbonate pendant; outer white 0.3–1.2 1 -2.0 - 2.8 -
upper tuffaceous paleosol
ER-19/4Ac Calcrete/tephra 5.2 1 -1.2 - -6.0 -
19/4-N
c Nodules/tephra 5.2 3 -3.3 0.3 -6.4 0.1
ENTR 534d disseminated carbonate 5.2 6 -2.8 0.3 -8.0 0.2
lower tuffaceous paleosol
ER-Rc Rhizoliths/tephra 5.2–5.6 7 -1.1 1.0 -6.2 0.4
ENTR 525/533d disseminated carbonate 5.2–5.6 4 -2.9 0.4 -6.7 0.4  
aAges established as follows: Recent and TUC 908 (Holocene?); ENTR 538 carbonate in Buey 
Muerto/Alemania ash (~5 ka, cf. Hermanns and Schellenberger, 2008); ENTR 527 = pediment III of 
Strecker et al. (1989); tuffaceous paleosols shifted younger as discussed in the following sections 
bn= number of analyses included in average; complete data available in Appendix B. 
cData from Kleinert and Strecker (2001). 
dData from this dissertation. 
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 This short sequence of tuffaceous paleosols is a unique interval in VSM, where 
only two paleosols developed on volcanic ash beds are known to exist (Kleinert and 
Strecker, 2001).  Stable isotope data for carbonate in these tuffaceous paleosols document 
the most δ13C enriched values in Vallé Santa Maria strata (Figure 4.4).  These 
characteristics provide strong confidence in the proposed correlation of this interval. 
Importantly, this correlation allows the stable isotope data reported by Kleinert 
and Strecker (2001) to be integrated with tephrostratigraphic work in Vallé Santa Maria.  
This is accomplished by relating the uppermost tuffaceous paleosol with the highest 
paleosol carbonate δ13C values in the basin to TRA which is the thickest and most 
extensive volcanic ash bed in the basin.  TRA is positively identified in every section 
sampled over a distance of 20 km from south to north.  This ash bed may be Chiquimil 
unit XIX, dated at 6.02 Ma by Marshall et al. (1979), or it may lie above unit XIX. 
 
Tephrostratigraphy of Vallé Santa Maria 
Seven sequences of volcanic ash beds have been sampled in Vallé Santa Maria, 
four of these are depicted in Figure 4.4.  Data from the other sections are reported in 
Appendix A, but mentioned only briefly here.  At Entre Ríos the youngest sequence of 
ash beds (ENTR section #3) can be tentatively correlated to the top of other sections, but 
absolute age control is lacking.  At El Infiernillo, a short sequence of volcanic ash beds of 
multi-modal rhyolitic composition (INF section #2) was sampled and 40Ar/39Ar data for 
one of these ash beds yields an age of 9.1 Ma (Appendix A).  Kleinert and Strecker 
(2001) report paleosol carbonate isotopic data from El Infiernillo that are assigned ages 






Figure 4.4:  Stable isotope stratigraphy from Entre Ríos correlated to the sampled 
tephrostratigraphy at section ENTR #1, as measured relative to a volcanic lithic 
conglomerate (vlc) which is traceable for several km (Appendix A).  The 
tephrostratigraphic interval associated with TRA and the tuffaceous paleosols are 
confidently correlated to La Maravilla at the northern end of Vallé Santa Maria.  A full 
tephrostratigraphic interpretation for Vallé Santa Maria is available in Appendix A. 
 
 
et al., 1984), but until the occurrence of a ~5 Ma disconformity can be confirmed, stable 
isotope proxy data and tephrostratigraphic results have limited context for discussion. 
The tephrostratigraphic interval associated with the TRA can be identified for ~20 
km from south to north in Vallé Santa Maria (Figure 4.4).  This stratigraphic interval is 
relatively continuous along strike, and temporally it spans the Miocene-Pliocene 
boundary.  To relate stable isotope data to other localities, a basic tephrostratigraphic 
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 framework is established for ENTR section #1 (Table 4.3).  Glass chemistry as 
determined by EPMA provides sufficient criteria to identify TRA when present.  In Vallé 
Santa Maria TRA is notable for its relatively high Ca/Fe ratio (~1.5), MnO content > 0.1 
weight %, and Cl content < 0.1 weight %.  This widespread stratigraphic marker directly 
overlies the interval of tuffaceous paleosols and is dated at 5.19 ± 0.01 Ma (Appendix A).   
The base of the tuffaceous paleosol interval is directly underlain by another widespread 
and important tephrostratigraphic marker.  This lower ash bed is indistinguishable from 
the tuffaceous paleosol above it on the basis of major, minor, and trace element chemistry 
(Table 4.4).  These two ash beds correlate with two closely spaced ash beds at Puerta de 
Corral Quemado (1518 m level; Table 3.1).  At most localities in the region, these two 
ash beds are observed to be separated by 1–4 m of non tuffaceous strata.  That this pattern 
persists at both PCQ and VSM, supports the interpretation that two closely spaced but 
individual eruptions produced two ash beds for which compositional differences have not 
yet been measured.  At Puerta de Corral Quemado these two ash beds are ~80 m above 
one dated at 5.64 Ma.  Thus the paleosol carbonate 13C enrichment in Vallé Santa Maria 
is constrained between 5.6–5.2 Ma.  Direct dating of the ash beds associated with the 
lower tuffaceous paleosol would considerably improve these constraints.  Stratigraphic 
placement of the 5.235 Ma base of the Gilbert paleomagnetic chron would further refine 
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Revised chronology of the Vallé Santa Maria paleosol carbonate record 
Based upon 40Ar/39Ar age dating and stratigraphic constraints, an age of 5.2 Ma is 
proposed for the upper tuffaceous paleosol in VSM.  This is 300 ka younger than the age 
used by Kleinert and Strecker (2001).  To conform with new tephrostratigraphic 
constraints the age of the lower tuffaceous paleosol must also be shifted at least 200 ka 
younger.  The impact of these chronological revisions on the age of other paleosol 
carbonate data is not clear. 
Table 1 of Kleinert and Strecker (2001) implies a linear sediment accumulation 
rate of ~230 m/Ma for all formations investigated in VSM.  This is in agreement with a 
rate derived over the interval from 5.27–5.19 Ma at Quebrada de Jujuy (QDJ; Figure 4.4).  
This stratigraphic interval yields an accumulation rate between 185 and 225 m/Ma.  
Although this interval is short, both of the ages are high precision 40Ar/39Ar sanidine 
dates.  The accuracy of the sediment accumulation rate is not a primary concern, but the 
applicability of the rate from this short interval to all strata is questionable.  Interpolation 
from the lower tuffaceous paleosol through TRA at section ENTR #1 requires a 
minimum sediment accumulation rate of 300 m/Ma.  These estimates cannot be improved 
upon without acquiring new age dates, and the sediment accumulation estimate of 
Kleinert and Strecker (2001) is a reasonable compromise for the Andalhuala Formation.  
This means shifting the age of these pedogenic carbonate data younger by 300 ka, and 
this is done for the Andalhuala Formation at Entre Ríos and Quebrada de Jujuy. 
The youngest paleosol carbonate data are constrained in age by a zircon fission 
track determination of 3.4 ± 0.5 Ma near the top of the section at La Maravilla (Strecker 
et al., 1989).  The dated volcanic ash bed overlies the paleosols that were studied at this 
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 locality, and does not permit shifting the age of these samples 300 ka younger.  Stable 
isotope data from La Maravilla are included in the composite record, but their age is not 
shifted and they are assumed to be equivalent in age to the youngest paleosols from Entre 
Ríos.  Given the uncertainty associated with the age of the strata at El Infiernillo, the 
paleosol carbonate data from there are excluded from further discussion.  The ages of 
pedogenic carbonate on ancient pediments are adopted from Kleinert and Strecker with 
conservative estimates of the age range (Table 4.2). 
The age of pedogenic carbonate from the underlying Chiquimil Formation is 
based upon lithostratigraphic correlations to Puerta de Corral Quemado (Strecker et al., 
1989; Bossi et al., 1998).  The inferred chronological relationships between the two 
localities are not predicated on any new information, and the ages assigned to the stable 
isotope data are not impacted.  Isotopic data from the underlying Las Arcas Formation 
are excluded from further analysis based upon the suggestion of Kleinert and Strecker 
(2001) that, “the possibility of a diagenetic origin should not be excluded”. 
 
Miocene-Pliocene 13C enrichments 
Several intervals of paleosol carbonate 13C enrichment are identified in the region, 
but the timing of these signals does not support a regional interpretation.  Four periods of 
potential enrichment are noted between 27° and 28°S (Figure 4.5a).  The first such 
feature is estimated to occur at ~5.75 Ma; these paleosol carbonates are from a 
conglomeratic interval overlying the eolian strata at PCQ.  This 13C enrichment has 
previously been interpreted to result from the greater landscape variability associated 
with a braided fluvial depositional system (Chapter 2).  The next possible feature also  
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Figure 4.5:  Soil carbonate δ13C from the southern Puna margin with important 
tephrostratigraphic horizons; a) bold numbers indicate 13C enrichments discussed in the 




occurs at PCQ, just above the ash bed dated at 5.64 Ma.  This 13C enrichment is 
associated with 13C enriched fossil teeth, but limited to a single paleosol.  The third 
feature is the rapid δ13C shift observed in paleosol carbonate at ~4.3 Ma in the Fiambalá 
basin.  This sharp 13C enrichment has been hypothesized to result from a shifting 
landscape driven by progradation of alluvial fans and associated ecosystems.  A similar 
isotopic enrichment at PCQ occurs at ~3.6 Ma, and may also result from progradation of 
coarse grained basin margin depositional systems (Chapter 2). 
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 The strongest possibility for a regional δ13C signal is the transient positive shift in 
paleosol carbonate in VSM.  This isotopic feature is documented by the interval of 
tuffaceous paleosols which are constrained to 5.6–5.2 Ma in age (Figure 4.5b).  If the 
minor enrichments in paleosol carbonate at PCQ are part of this signal, they may 
represent the base of the enrichment.  These minor enrichments are PCQ are not 
particularly notable except that they correspond with 13C enrichment in tooth enamel 
across the same interval. 
The best evidence for transient 13C enrichment at the Miocene-Pliocene boundary 
is from the tooth enamel record at PCQ (Figure 2.8).  The bulk of this positive δ13C 
excursion is represented by fossil tooth enamel between the 1400–1560 m levels.  Current 
estimates place the age of these fossils between 5.7–5.2 Ma, or broadly coincident with 
the tuffaceous paleosols in VSM.  This interval includes the minor paleosol 13C 
enrichments noted at PCQ (Figure 4.5a).  From 27–28°S, the lower two 13C enrichments 
are muted relative to the upper two.  These lower two enrichments may be part of a 300–
400 ka δ13C excursion prior to and spanning the Miocene-Pliocene boundary, but 
sampling density and chronological control need improvement to test this. 
Overall, poor evidence exists for a transient δ13C excursion about the Miocene-
Pliocene boundary.  This is particularly true in VSM where the highest δ13C values are 
directly related to a specific lithology (volcanic ash beds).  The paleosol carbonate δ13C 
record in the region is interpreted in terms of landscape control on plant communities.  It 
is possible that C4 plants preferentially colonize landscapes dominated by volcanic ash, 
and until these relatively positive δ13C values can be documented in paleosols developed 
on a different substrate the significance of the data will remain unclear. 
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 Several approaches to testing for a transient Miocene-Pliocene 13C enrichment 
exist.  Firstly, attempts to spatially extend the 5.6–5.2 Ma paleosol carbonate record can 
be guided by additional sampling carried out beneath the TRA tuff.  Extension of the 13C 
enrichment to paleosols developed on a different substrate would discount the potential 
influence of the volcanic ash on the plant communities contributing to the δ13C of 
pedogenic carbonate.  Secondly, a chronological approach to testing for synchroneity 
between PCQ and VSM is advocated.  Obtaining a radioisotopic date for the ash bed 
correlated between the two basins would provide greatly improved chronological control 
for the Miocene-Pliocene boundary at PCQ and provide a precise lower age bound for the 
13C enrichment in VSM.  Paleomagnetic sampling would also provide a precise temporal 
horizon by identifying the reversed to normal transition at the base of the Gilbert Chron.  
This boundary is estimated to be 5.235 Ma (Gradstein et al., 2004) and should fall 
directly between the TRA tuff (5.19 Ma) and the ash bed dated at 5.27 Ma (QDJ 983; 
Appendix A).  A similar transition has been identified ~30 m below Chiquimil unit XIX 
(Marshall et al., 1979).  If unit XIX is correlative to TRA, identification of this reversal 
would constrain the upper tuffaceous paleosol to a temporal interval of less than 45 ka. 
When each of these disparate paleosol carbonate δ13C features is amalgamated 
into a regional record, it is difficult to make a case for a synchronous ecological event 
driven by global or regional climatic events.  The growth of orographic barriers and 
resultant rain shadows has been suggested to control the distribution of late Miocene and 
Pliocene plant communities in Vallé Santa Maria (Kleinert and Strecker, 2001).  This 
remains a potential driver of the 4.3 Ma Fiambalá shift and the 3.6 Ma PCQ shift.  
However, if one considers that the spatial and temporal scale of isotopic changes in the 
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 paleosol carbonate record should match that of the driver, some doubt is cast on the 
orographic rain shadow hypothesis.  At PCQ and Fiambalá it appears that the spatial 
scale of the positive δ13C shifts was small and the temporal scale was short.  The scaling 
of the features in the isotopic proxy record may more closely match the sedimentation 
driven hypothesis proposed in this dissertation.  Additionally, these rapid δ13C shifts 
occur in the absence of a δ18O shift.  Strong changes in precipitation distribution that 
result from development of an orographic rain shadow should also impart a δ18O signal, 
though this is not always the case (Galewsky, 2009b). 
For these reasons, the late Miocene and Pliocene are interpreted as times when a 
patchy mixture of C3 and C4 plants characterized the landscape.  Following from this, the 
δ13C paleosol carbonate record is suggested to be a sensitive recorder of landscape 
variability in plant communities.  If this is true, the late Miocene expansion of C4 plants 
in northwestern Argentina should be documented in the paleosol carbonate record by an 
increase in the range of δ13C values rather than a regionally coherent positive δ13C shift.  
This seems to be the case for proxy records along the southern margin of the Puna 
plateau, where the range of δ13C values increases significantly after ~6 Ma (Figure 4.6a).  
Meaningful spatio-temporal patterns of Mio-Pliocene climate may eventually emerge, but 
a significant increase in data density and improvements in age control will be necessary 
to resolve such patterns.  Improved conceptual models of landscape ecology derived from 
modern and ancient systems will be important as well.  In the interim, it seems reasonable 
to assume a patchy C3-C4 mixture of plants at spatial scales ranging from 10 m to 100 km 




Figure 4.6:  The isotopic composition of soil carbonate from 26–28°S; a) measured and 
modeled carbon isotopic composition indicating positive identification of C4 biomass at 
~6 Ma, b) oxygen isotopic composition demonstrating long term 18O enrichment and the 
strong effects of soil water evaporation on the isotopic composition of carbonate sampled 
from geomorphic surfaces.  Primary references for the soil CO2 model are Cerling 
(1984); Quade et al. (1989); Cerling et al. (1991); Romanek et al. (1992); Cerling and 
Quade (1993); Davidson (1995).  Invariant parameters include δ13C value of -23 ‰ for 
water stressed C3 plants, soil porosity of 0.35, mean rooting depth of 10 cm, and soil 
temperature of 25°C.  C3 plant isotopic composition is based upon the likely maximum 
value recommended by Kohn (2010).  Soil temperature is based upon the mean monthly 
growing season temperatures at La Rioja, Santiago del Estero, and Salta from the period 
1961–1990 (Servicio Meterológico Nacional de Argentina; http://www.smn.gov.ar).  The 
gray envelope about a respiration rate of 1 mmol/m2/hour includes the isotopic effects of 
Miocene-Pliocene variations in atmospheric CO2 content and its carbon isotopic 
composition.  The range of atmospheric CO2 contents employed is 180–400 ppmv (cf. 
Pagani et al., 1999; Tripati et al., 2009; Pagani et al., 2010; Seki et al., 2010).  The δ13C 
value of atmospheric CO2 during this time is estimated to range between -5‰ and -7‰ 
(cf. Passey et al., 2002, 2009; Cerling et al., 2010; Tipple et al., 2010). 
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 Miocene-Pliocene 18O enrichment 
Paleosol carbonate from both PCQ and VSM reveals a long-term change in δ18O 
values between 7 and 4 Ma (Figure 4.7).  VSM data are ~1.5‰ more negative than PCQ 
data.  The clear trend of both records is towards 18O enriched carbonate in the Pliocene.  
Conversely this could be viewed as 18O depletion with depth.  Such a pattern might 
reasonably be produced by burial diagenesis.  Isotopic exchange between carbonate and 
diagenetic fluids would produce a similar effect due to changes in calcite-water isotopic 
fractionation.  If an isotopically homogenous water source was circulated to a depth of 2 
km, strong depth dependent differences in δ18O would be produced by the increasing 
temperature of calcite-water isotopic exchange.  As previously discussed, this simple 
model requires an unrealistically low geothermal gradient for PCQ (Figure 2.3).  
However, VSM data fall within the range of reasonable model parameters (Figure 4.7a).  
Careful textural analysis was undertaken for the VSM paleosol samples (Kleinert and 
Strecker, 2001); however, even micritic carbonate can have undergone isotopic exchange 
with little or no textural evidence (Leier et al., 2009).  Consequently, both the PCQ and 
SMV data are interpreted in a climatic framework with extreme caution. 
Both PCQ and VSM exhibit an isotopic enrichment of ~0.6‰/Ma between 7 and 
4 Ma (Figure 4.7b).  The difficulty in ascribing a climatic forcing to this signal arises for 
two reasons.  Firstly, a secular and transient climatic change which was protracted over 
~3 Ma must be invoked.  Secondly, specific mechanisms for a positive shift in paleosol 
carbonate δ18O values are highly conjectural.  Some combination of changes in 
precipitation source, amount, and seasonality can be constructed to produce the observed 





Figure 4.7:  Paleosol carbonate δ18O between 7–4 Ma at PCQ and VSM; a) isotopic data 
relative to models of burial diagenesis, b) isotopic data (1σ standard deviation for n>2), 
and linear least squares regression for each basin.  The model of burial diagenesis is 
based on an isotopically homogenous diagenetic fluid (-4 ± 1‰), a surface temperature 




 dominance of precipitation derived from low latitudes via the South American low-level 
jet might cause an 18O enrichment (Rozanski et al., 1993).  Such a shift in precipitation 
source would presumably be associated with development of the South American 
Monsoon (Strecker et al., 2007a).  Development of the South American Monsoon would 
result in warmer precipitation and soil temperatures in addition to greater amounts of 
rainout from air masses, all of which would mitigate the 18O enrichment associated with 
low-latitude moisture sources.  If the 18O enrichment between 26–28°S is ascribed to 
development of the South American Monsoon, the change in the isotopic composition of 
the precipitation source may be significantly larger than the ~2‰ recorded by paleosol 
carbonate. 
In southern Bolivia (20–22°S), an abrupt enrichment in paleosol carbonate 18O of 
~3‰ is interpreted to reflect the onset of monsoon precipitation (Mulch et al., 2010).  
This shift is coincident with the hypothesized 9–8 Ma onset of the South American 
Monsoon at this latitude (Strecker et al., 2007b; Mulch et al., 2010).  These data raise 
concerns with the interpretation of stable isotope data from the Altiplano (Garzione et al., 
2006), and support models of reorganization of precipitation source and seasonality when 
topographic thresholds are crossed in the Bolivian Andes (Ehlers and Poulsen, 2009; 
Insel et al., 2009).  Additionally, tectonic and sedimentary changes in the Bolivian Andes 
during the late Miocene have been interpreted to result from changes in precipitation 
regimes (Uba et al., 2007; Mosolf et al., in press).  If the PCQ and VSM paleosol records 
are interpreted in this framework, the onset of the South American Monsoon along the 
southern Puna plateau differs in timing and nature from that of the Bolivian Altiplano and 
adjacent low elevation Subandean Zone. 
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 The development of orographic rainshadows is another mechanism by which 
paleosol carbonate δ18O values might increase gradually through time, though the 
relationships between growing orographic barriers and precipitation distribution are 
complex (Galewsky, 2009a).  Broader patterns of landscape development and climatic 
change can influence precipitation isotopic ratios, and relating isotopic proxies to the 
uplift of a specific orographic barrier is fraught with complications (Galewsky, 2009b).  
In the simplest sense, the growth of an orographic rainshadow should cause a 
redistribution of precipitation towards the windward flanks and the isotopic composition 
of precipitation on the lee of the barrier should be 18O depleted relative to pre-barrier 
scenarios.  Such a scenario appears to be applicable to major orographic rainshadows in 
both the northern and southern hemispheres where a marine vapor source is likely and 
>40–50% of incoming water vapor is rained out over the orographic barrier (Smith et al., 
2005; Smith and Evans, 2007).   
Thus, if enrichment of 18O in paleosol carbonate records results from the 
formation of a rainshadow, it is not the result of primary changes in the isotopic 
composition of precipitation.  Enrichment in 18O of soil water (and paleosol carbonate) 
might however, result from two factors related to arid climates resulting from 
establishment of an orographic rainshadow.  Increased evaporation or isotopic exchange 
of hydrometeors below cloud base, falling through a warm dry atmosphere should result 
in 18O enriched precipitation and positive δ18O shifts in soil water (Dansgaard, 1964; Gat, 
1996).  Soil water evaporation in strongly arid environments should lead to further soil 
water 18O enrichment and positive δ18O shifts in paleosol carbonate.  The magnitude of 
these effects is difficult to estimate, but soil water evaporation can strongly influence 
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 isotopic values.  This is observed for Quaternary soils in the region (Figure 4.6).  
Holocene soils in the region document intra-soil isotopic variation exceeding 10‰ in the 
upper 10 cm, and 3–4‰ between 20–100 cm depth (McFadden et al., 1998).  If increased 
soil water evaporation is the primary driver of the 7–4 Ma 18O enrichment, an increase in 
the range of isotopic composition might reflect a strong and variable evaporative 
influence.  Current data do not obviously document such a pattern during the late 
Miocene or early Pliocene (Figure 4.6b). 
 
Mio-Pliocene ecological gradients in northwestern Argentina 
 
The isotopic record of that emerges from chronological integration of paleosol 
data between 26–28°S (Fiambalá, PCQ, and VSM) illustrates strong spatial gradients in 
climate and environment.  These gradients are documented by both carbon and oxygen 
isotopic systems.  Given the complexities of atmospheric dynamics, precipitation, and the 
resulting meteoric water δ18O values, interpretation of paleosol carbonate δ18O is not 
pursued further.  A strong linkage exists between precipitation and vegetation in the study 
area (cf. Chapter 1).  It is therefore possible to use the δ13C values of paleosol carbonate 
as an ecological indicator which is closely linked to local climate.  This line of reasoning 
is pursued with respect to the late Miocene and early Pliocene in northwestern Argentina. 
A case has been made for complex distribution of C3 and C4 plants at 10–100 m 
spatial scales, based upon tooth enamel (Chapter 2) and paleosol (this Chapter) carbonate 
δ13C data from 27–28°S.  These data, when compared to VSM, present a case for 
environmental gradients at the 100 km scale as well (Figure 4.5).  The potential for strong 
ecological gradients at this scale is further highlighted by comparison with paleosol 
carbonate data from the Angastaco basin (Figure 4.1). 
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 Sedimentary history of the Angastaco basin 
The stratigraphic record in the Angastaco basin is one of the longest in South 
America, yielding more than 6 km of continental deposits during the middle and late 
Miocene (Coutand et al., 2006).  Miocene exhumation of ranges to the west began about 
20 Ma, and the deposition rate of continental strata increased at ~15 Ma (Deeken et al., 
2006).  The observations of Coutand et al. (2006) indicate that the majority of the 
sedimentary section (>4 km) is the Angastaco Formation, composed of conglomerates, 
sandstones, and siltstones organized in fining-upwards fluvial cycles.  The overlying Palo 
Pintado Formation consists of fluvial-lacustrine strata interpreted to reflect a period of 
increased humidity beginning at ~9 Ma (Starck and Anzotegui, 2001).  These strata 
transition to conglomerates deposited by braided stream and alluvial fan depositional 
system beginning after ~5.3 Ma (San Felipe Formation; Coutand et al., 2006).  This 
transition to conglomeratic deposits is hypothesized to result from regional aridification 
on the basis of stable isotope proxy data (Bywater-Reyes et al., 2010).  This aridification 
appears to precede uplift of a mountain block to the east, Sierra de Los Colorados, which 
is estimated to have commenced 3.4–2.4 Ma (Coutand et al., 2006). 
 
Geochronology of the Angastaco basin 
Miocene-Pliocene deposits of the Angastaco basin are exposed in a series of 
north-south trending folds in a modern intramontane basin.  The strata of interest are ~60 
km west of the Puna plateau margin, and ~80 km from the Cerro Galán caldera.  Volcanic 
glass from three samples of Coutand et al. (2006) has been analyzed (Appendix A), but 
ash beds from this basin have not been systematically investigated.  Recent U-Pb zircon 
geochronology of ash beds between 7–3 Ma provides excellent age control (Bywater-
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 Reyes et al., 2010).  The instrumentation and methodology are the same as for zircon 
ages drawn upon in Chapter 3, where an internally consistent chronological framework 
demonstrated the compatibility of the U-Pb and 40Ar/39Ar systems in the region.  Stable 
isotope proxy data spanning the late Miocene and Pliocene are assigned ages by 
interpolation between dated ash beds (using Bywater-Reyes, 2009).  These ages should 
be equivalent to ages presented in this dissertation within <100 ka  (cf. Chapter 3); the 
exact age of stable isotope proxy data may be less precise due to errors associated with 
interpolation/extrapolation of age relative to dated horizons. 
 
Stable isotope data from the Angastaco basin 
Based upon δ13C and δ18O paleosol carbonate data, Bywater-Reyes et al. (2010) 
interpret increasing aridity from at least 6 Ma through 5 Ma.  They attribute this signal to 
increasing aridity regionally, and not to uplift of the Sierra de los Colorados east of the 
Angastaco basin.  Enrichment in both 13C and 18O through time at Angastaco is consistent 
with the record compiled from 26–28°S (Figure 4.6).  The 18O enrichment appears to 
correspond with that at VSM and PCQ, suggesting a regional signal.  The 13C enrichment 
corroborates the general trend observed to the south, but unambiguous evidence for C4 
plants is lacking.  This is the most striking feature of the Angastaco record, and it 
indicates strong environmental gradients in the region (Figure 4.8). 
Paleosol carbonates from the Palo Pintado Formation have some of the most 
negative δ13C values known.  Two paleosol have average δ13C values between -13.5 and  
-14‰, and another sample has values ranging from -13.8 to -15.5‰ (Bywater-Reyes et 
al., 2010).  In fact, only a handful of paleosol carbonates sampled across the Paleocene-







Figure 4.8:  Carbon isotopic composition of paleosol carbonate; a) U-Pb zircon 
geochronology from Angastaco, b) comparison of paleosol carbonate records between 
25–28°S.  Geochronology from Bywater-Reyes et al. (2010), except *, which is from 
Coutand et al. (2006).  Grey envelopes about ash beds represent the 2σ uncertainty of the 
weighted mean.  Paleosol carbonate data from Angastaco represented as follows; 
individual points and error bars represent the average and 1σ standard deviation of 
individual paleosols whose age could be estimated by interpolation between or 
extrapolation from dated horizons using Bywater-Reyes (2009), this excludes data from 
section 8.  Gray boxes representing the Palo Pintado and San Felipe Formations 
encompass the full range of δ13C values reported in Bywater-Reyes et al. (2010).  The 
polygons representing Vallé Santa Maria and Puerta de Corral Quemado/Fiambalá were 






 The 13C depletion during the PETM has been attributed, in part, to increased 
continental humidity resulting in more negative δ13C plants values (Bowen et al., 2005).  
Carbonate δ13C values for the most negative Palo Pintado paleosols can not be easily 
achieved using the commonly cited average C3 plant value of -26 to -27‰ (cf. Cerling 
and Quade, 1993; Koch, 1998).  At respiration rates in excess of 8 mmol/m2/hour, a 
carbonate formation temperature of 40°C is required to produce δ13C values of -15.5‰ 
(other parameters as described in Figure 4.6).  If -28.5‰ is used for an average C3 value 
(Kohn, 2010), more moderate carbonate forming conditions of 30°C at a soil respiration 
rate of 4 mmol/m2/hour are permissible.  These results suggest that a C3 ecosystem in a 
humid setting is capable of producing the unusually negative δ13C paleosol carbonate 
values.  Further, these isotopic constraints agree with interpretations of the fossil plants 
and mammals from the Palo Pintado Formation (Starck and Anzótegui, 2001). 
That the Palo Pintado δ13C data are unusually negative may result in part from a 
preservational and scientific bias towards arid environments (Kohn, 2010).  In any case, 
the potential for formation and preservation of soil carbonate in humid environments is 
greatly reduced relative to arid environments.  However, to form a soil carbonate net 
evaporation is the only requirement (Cerling and Quade, 1993).  By analogy to the 
modern Sierra Aconquija (Figure 1.4), strong topographic control on precipitation may 
present situations where local hydrologic systems allow evaporation in depositional 
settings adjacent to a hillslope that maintains a positive soilwater balance.  Generation of 
highly negative δ13C soil carbonate would be enhanced by contributions to soil organic 
matter from plants growing in the adjacent (humid) upland.  This physiographic model 
approximates the situation proposed by Coutand et al. (2006) where the uplifts on the 
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 western margin of the Angastaco basin were orographic barriers that prevented moisture 
penentration to the Puna by 9 Ma.  The windward flanks of these barriers would 
presumably be the source for moisture and low δ13C soil organic matter essential for 
precipitation of low δ13C carbonate in the Angastaco basin. 
Taken together, sedimentary indicators, fossil assemblages, and paleosol 
carbonate δ13C values from the Angastaco basin indicate a humid, wooded environment 
from 9–5 Ma.  Fossil rodent δ13C tooth enamel data from Angastaco are sparse, but they 
tell a more complex story (Bywater-Reyes et al., 2010).  These data are surprisingly 13C 
enriched relative to paleosol carbonate.  For the Palo Pintado Formation tooth enamel 
data constrained diet composition between -21 and -23‰, and for the San Felipe 
Formation diet composition is estimated to range from -13.5 to -18.5‰ (Passey et al., 
2005a; Podlesak et al., 2008).  With respect to the Palo Pintado Formation, plants of this 
carbon isotope composition cannot create paleosol carbonate δ13C values below -9.5‰.  
This discrepancy can be reconciled somewhat by the fact that the rodent fossils analyzed 
are estimated to be between 5.8 and 5.2 Ma, while the most negative paleosol carbonates 
are significantly older.  For the San Felipe Formation, the situation is clarified somewhat.  
A comparison can be made between fossil tooth enamel and pedogenic carbonate from 
the same paleosol, which is constrained to between 4.8 and 5.0 Ma by two dated ash 
beds.  Using the rodent diet to estimate plant composition yields a range of modeled 
paleosol carbonate δ13C composition ranging from 1 to -5‰.  These estimated paleosol 
carbonate values encompass the range of atmospheric CO2 values from Figure 4.6 and 
soil respiration rates between 1 and 8 mmol/m2/hour, and are clearly discrepant with the 
measured δ13C of -8.4 ± 0.4‰. 
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 While the rodent tooth enamel data are few, they facilitate understanding of the 
environment in the Angastaco basin during the late Miocene and early Pliocene.  
Importantly, rodent diets include C4 plants and are isotopically distinct from the soil-
respired CO2 assumed to be in equilibrium with soil carbonate.  Several possibilities 
exist.  Rodent diets may have been acquired by selective grazing.  This would indicate 
that C4 plants were present as a minor component of the landscape, but not recorded by 
paleosol carbonate.  This may arise simply as a consequence of the limited samples 
available, or it may result from C3 dominance of soil-respired CO2.  C3 dominance of 
soil-respired CO2 does not preclude C4 biomass in the soil, particularly if soil organic 
matter is transported from upland slopes to depositional settings which preserve 
pedogenic carbonate.  Clearly more data are needed to address these questions. 
 
Conclusions 
Strong gradients in ecosystems during the late Miocene and early Pliocene are 
documented by paleosol carbonate δ13C data.  These gradients may be similar to modern, 
and by analogy it is reasoned that growing topography at the Puna plateau margin 
between 25–28°S created localized climates.  In climatic settings prone to expansion of 
C4 plants this ecologic event was documented and is concomitant with other records from 
the region (7.0–5.5 Ma; Chapter 2). 
The regional compilation of paleosol carbonate data in this chapter suggests an 
increase in C4 vegetation at ~6 Ma (Figure 4.6a).  This is reflected as an increase in the 
range of δ13C values, and supports the interpretation of the latest Miocene and Pliocene 
landscape as one with a patchy distribution of C3 and C4 plants at spatial scales of 100 m 
to 1 km.  Consequently, rapid δ13C shifts in paleosol carbonate are not interpreted to 
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 result from global, regional, or local climatic forcing.  Unless a regionally persistent 
isotopic signal is documented, 13C enrichments in paleosol carbonate are just as easily 
interpreted to result from random sampling of a diverse landscape variably affected by 
common tectonic and geomorphic processes. 
A practical implication of the proposed landscape-based paleoecological model is 
that regional or global climatic and ecological events cannot be inferred from a single 
stratigraphic section.  The subtropical setting of the study area and its complex 
topographic evolution during the Mio-Pliocene should be assumed to produce a 
complicated isotopic proxy record. 
The oxygen isotopic record documents 18O enrichment in paleosol carbonate 
across the interval of C4 expansion.  Diagenetic influence on this record cannot be ruled 
out, and the gradual nature of the isotopic shift remains a concern.  If the oxygen isotopic 
record is primary, it appears to be a regional signal from the late Miocene and early 
Pliocene.  Both the growth of orographic barriers and increasing influence of the South 
American Monsoon remain possible causes of the climatic change inferred from δ18O 
data.  A shift towards warm season precipitation via strengthening of the South American 
Monsoon would likely result in more 18O enriched precipitation.  If the δ18O data do 
indeed capture the onset of this precipitation system at 26–28°S, it can be said to lag 
monsoon development in Bolivia by ~1.5 Ma and to develop over a protracted period 
spanning the Miocene and Pliocene.  Alternatively, the growth of orographic barriers or 
regional atmospheric circulation changes that result in increased aridity remain possible 
causes of climatic change.  Aridification leads to enhanced evaporation in atmospheric 






DISCUSSION AND CONCLUSIONS 
 
Paleoenvironmental observations 
The climates and environments along the southern Puna plateau were a complex 
mosaic across the Miocene-Pliocene boundary.  The relative distributions of C3 and C4 
plants responded to climate and environment at a variety of scales.  Long range (100 km) 
differences in plant communities persist throughout the interval from 9 to 3.5 Ma.  Local 
plant communities themselves became more diverse after ~6 Ma, displaying a patchy 
distribution of C3 and C4 plants at scales ranging from 100 m to ~1 km.  The diet of some 
mammalian herbivores shifted to include substantial quantities of C4 plants at 
approximately the same time (7–5.5 Ma).  The fossil record also documents immigrant 
taxa from North America by 7 Ma, and fossils of large Miocene mammals are notably 
absent from the Pliocene record. 
Together, these observations suggest a shift to drier climates and increasing 
presence of C4 plants through time.  The enrichment of 18O in soil carbonate between 7 
and 4 Ma might record this climatic shift, and provides evidence that this trend could be 
regional.  These events result from a number of potential drivers, so that identifying a 
truly regional paleoenvironmental signal is difficult. 
 
 
 Observations of sedimentation and deformation at the plateau margin 
A dramatic change in sedimentary systems along the eastern Puna margin 
occurred about 6 Ma and may be attributed to the transition from thin-skinned to thick-
skinned deformation (Carrapa et al., 2008).  During the Pliocene, deposition of the 
Punaschotter Formation along the plateau margin was protracted and diachronous.  These 
coarse, poorly sorted, plateau margin gravels are associated with uplift of resistant 
bedrock and provide a proxy for relief generation.  Growth of basement-cored anticlinal 
structures within sedimentary basins postdates deposition of the Punaschotter and is the 
culmination of contractional deformation in the region.  This deformation may have 
continued into the Quaternary, but by 2–1 Ma the southern Puna plateau margin was in a 
neutral to extensional state (Schoenbohm and Strecker, 2009).  Range front pediments 
and high fluvial terraces suggest that during the Quaternary, intermontane basins were 
aggradational, at least intermittently.  The late Quaternary is characterized by excavation 
of sediment from these basins.  Multiple aggradation/excavation cycles are known from 
basins in the region (cf. Hilley and Strecker, 2005; Strecker et al., 2009), and it is 
possible that some plateau margin basins were internally drained at times during the late 
Pliocene or Quaternary. 
 
The stratigraphic record of volcanism (observations) 
The stratigraphy, age, and composition of volcanic ash beds deposited in 
sedimentary basins at the Puna margin contain a detailed volcanic history.  Several 
reasons prevent this volcanic history from being interpreted more rigorously.  Additional 
age control for the youngest ash beds is needed for proper interpretation of late Pliocene 
volcanism.  Also, sampling and analysis of Miocene ash beds older than ~7 Ma is limited 
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 and this period can not be accurately evaluated.  The lack of information for pre-7 Ma ash 
beds is partly due to poor preservation, but it appears that ash beds are less common 
during this interval.  At Puerta de Corral Quemado, a detailed stratigraphic record can be 
constructed from 7–3.5 Ma (Figure 5.1).  This record indicates that volcanism increased 
dramatically at ~7 Ma, and further identifies pulses of volcanism between 5.5–5.0 Ma 
and 4.5–4.0 Ma.  These observations corroborate the suggestion that stratigraphic 
intervals identified and reported in Chapter 3 might represent periods of higher than 
average eruption rates.  Exhaustive sampling and analysis of ash beds in the interval from 
5.6 Ma to 3.5 Ma clearly delineates these eruptive pulses (Figure 5.1b). 
 
 
Figure 5.1:  Stratigraphic record of explosive volcanism at Puerta de Corral Quemado in 
0.5 Ma intervals, using linear interpolation between ash beds and an age of 9.14 Ma for 
the base of the section (cf. Latorre et al., 1997).  Volcanic ash beds in a) are taken from 
Table A.5, and those in b) are from Tables A.3 through A.7. 
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 Tectonics, climate, and the origin of the Puna plateau 
The topographic expression of the Puna plateau has been hypothesized to result 
from a combination of climatic and tectonic processes.  Late Miocene initiation of broken 
foreland topography is coincident with several hypothesized tectonic events including 
delamination of lower crust and mantle lithosphere beneath the Puna (Kay et al. 1994) 
steepening of the subduction zone (Coira et al., 1993), or vertical thickening of orogenic 
crust past threshold values (Riller et al., 2001)..  During this time, several regional 
climatic events are also proposed to have affected the plateau margin.  Late Miocene 
onset or intensification of the South American Monsoon in Bolivia (Uba et al., 2007; 
Strecker et al., 2007b; Mulch et al., 2010) appears to have preceded a period of 
aridification (Bywater-Reyes et al., 2010) along the Puna plateau margin by 2 to 3 Ma. 
These events are pertinent because a strong coupling between climate, topography 
and geomorphology is documented along the plateau margin at a variety of spatial and 
temporal scales (Strecker et al., 2007a; Bookhagen and Strecker, 2008).  It has been 
suggested that the high elevation of the plateau results primarily from deep-seated 
phenomena (e.g., variations in crustal thickness and density), but that the low relief of the 
plateau results from aridity and sediment storage within the plateau (Strecker et al., 
2009).  Given the complexity of topographic growth at the plateau margin and interaction 
with a dynamic Mio-Pliocene climate, the primary contribution of this dissertation is 
improved constraints on the geological history of the plateau margin.  The timing of 
tectonic and climatic events in the southern Puna appears to lag similar events in the 
Bolivian Altiplano, and some consistent patterns exist in the study area. 
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 Tectonic evolution of the Puna plateau 
The study area at the margin of the Puna plateau is a geologically diverse 
collection of tectonic provinces, and many important structural features in the region may 
be inherited from previous tectonic episodes (Allmendinger et al., 1983; Grier et al., 
1991; Kley and Monaldi, 2002).  The Puna is composed of ranges that were uplifted in 
the Oligocene, and basins which accumulated sediment from the Eocene through the 
Pliocene (Kraemer et al., 1999; Carrapa et al., 2005).  Many plateau margin and intra-
plateau ranges were exhumed during the Oligocene, but development of high topography 
may have occurred much later (e.g., Carrapa et al., 2006). 
While most of the mountain blocks in the region were exhumed by ~20 Ma, Mio-
Pliocene deformation has been expressed by reactivation of some uplifts and incipient 
exhumation of others (Strecker et al., 2007a; Figure 7).  This Mio-Pliocene deformation 
was complex, and its spatiotemporal distribution does not yield simple patterns.  Rather it 
can be said that fragmentation of the foreland and creation of localized depocenters 
occurred in the late Miocene (Carrapa et al., 2008).  The sequence of events during the 
Mio-Pliocene includes several styles of upper crustal deformation as well as major 
volcanic and sedimentary events (Figure 5.2).  The interrelationships among these events 
and their relevance to development of the Puna plateau can be evaluated to a first order 
by comparing the timing of events. 
In Vallé Santa Maria, deposits of the San José Formation record marginal marine 
environments which presumably document the ~12 Ma highstand of the Paraná sea 
(Ramos and Alonso, 1995).  There are no deposits related to younger marine incursions 
(see Hernandez et al., 2005 and Uba et al., 2009) that have been recorded in Vallé Santa  
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Figure 5.2:  Timing of tectonic events in the Altiplano and along the southern Puna 
plateau margin.  Intervals highlighted in black indicate well constrained events, those is 
gray have less certain age control or interpretation.  Rapid uplift of the Altiplano after 
Garzione et al. (2008), protracted uplift of the Altiplano after Barnes and Ehlers (2009), 
volcanic pulses in the Altiplano-Puna Volcanic Complex (APVC) after Salisbury et al. 
(2011, Figure 10), and sediment accumulation history in the Bolivian foreland after Uba 
et al. (2007).  Volcanic pulses on the Puna plateau are delineated using data from Figure 
5.1, Kay et al. (2010), and Risse et al. (2008).  Deformation of the Eastern Cordillera 
(~26°S) is after Carrapa et al. (in press) and constraints on uplift of the Sierras 
Pampeanas are from (Sobel and Strecker, 2003).  Deposition of the Punashotter and 
deformation of Mio-Pliocene strata is from Chapter 3, with reference to Carrapa et al. 
(2008), McPherson (2008), Mortimer et al. (2007), and Strecker et al. (1989).  Extension 
at the Puna margin is after Schoenbohm and Strecker (2009). 
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 Maria, providing circumstantial evidence that some surface uplift occurred there between 
12 and 7 Ma.  Moreover, the presence of marginal marine deposits in Vallé Santa Maria 
at elevations close to 2,000 m above sea level indicate surface uplift of ~2 km since 12 
Ma.  This is consistent with the magnitude of uplift for the Altiplano over this interval.  
No firm constraints can be placed on the rate of surface uplift in Vallé Santa Maria and it 
may well have been protracted relative to that proposed for the Altiplano (Figure 5.2). 
Turning to the Mio-Pliocene geologic record developed herein, a relatively richer 
picture emerges for the tectonic evolution of the Puna plateau margin from ~7 Ma to 
present.  In general, the tectonic and volcanic pulse registered in the southern Puna 
appears to lag similar events in the Altiplano.  This is consistent with southward 
younging trends in arc volcanism (Trumbull et al., 2006).  Using the distal record of 
volcanic ash beds, current data from 27–28°S identify probable eruptive pulses at 7–6 
Ma, 5.5–5.0, and 4.5–4.0.  This volcanic history indicates that rhyolite and rhyodacite 
eruptions in the region increased approximately coincidently with or slightly before 
caldera forming ignimbrites and mafic flows increased on the plateau. 
If these volcanic records do indeed provide a proxy for tectonic processes on the 
plateau, these processes (slab steepening, delamination, regional contraction) appear to be 
coincident with initiation of exhumation and uplift in the foreland (Figure 5.2).  It has 
been inferred that exhumation (and deformation) in the Eastern Cordillera progressed 
sequentially eastward from 14 Ma to 3 Ma (Carrapa et al., in press).  This overlaps with, 
but largely precedes, uplift of the Sierras Pampeanas that resulted in a broken foreland at 
the plateau margin.  Uplift of individual mountain blocks in the foreland was diachronous 
and spatially complex, but initiated at the same time or slightly after increased volcanism 
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 on the Puna.  Thus, increased volcanism on the plateau and deformation in a broken 
foreland province may have resulted from the same large scale tectonic forcing. 
The post 3.0 Ma record of volcanism is poorly known due to deformation within 
sedimentary basins beginning at this time and the resulting lack of a continuous 
sedimentary record.  This deformation continued until the late Quaternary and overlaps in 
time with an extensional stress regime at the plateau margin.  However, most of the 
deformation within sedimentary basins probably occurred in a short pulse between 3–2 
Ma as evidenced by terraces and pediments approaching 2–1 Ma which are cut into 
deformed Mio-Pliocene strata.  In general these geomorphic surfaces and younger 
features display minimal deformation relative to the Mio-Pliocene strata they rest on.  
The temporal relationships between sedimentation and deformation are the same 
throughout the study area, though variation in timing between basins is significant. 
The essential features of this relationship, largely confined to the Pliocene, are 
characterized by the following sequence of events:  1) uplift of basin margin mountain 
blocks, 2) deposition of coarse, poorly sorted, gravel to boulder conglomerates 
(Punaschotter), and 3) deformation of Mio-Pliocene strata within sedimentary basins.  
Deposition of the Punaschotter is conformable with Mio-Pliocene strata, but likely 
continues during intra-basin deformation.  If, as suggested in Chapter 3, deposition of 
Punaschotter lags uplift and exhumation of basin margin mountain blocks, then these 
coarse gravel deposits may be a proxy for exposure of resistant bedrock lithologies and 
acceleration of surface uplift.  Exposure of resistant bedrock and creation of orographic 
barriers resulting from surface uplift both serve to reduce rates of mountain block 
exhumation (Sobel and Strecker, 2003). 
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 This pattern of deformation and sedimentation is self-consistent across the region, 
and provides a model which can be further tested.  Of particular interest is the timing of 
transition between the stratigraphic and geomorphic records in intermontane basins which 
record the culmination of deformation.  Similarly, the initiation of Mio-Pliocene 
contractional deformation and uplift is poorly constrained in the region.  It has been 
suggested that a number of mountain blocks began to be exhumed from beneath 
sedimentary cover in a contiguous foreland basin at ~6 Ma (Sobel and Strecker, 2003; 
Carrapa et al., 2008).  This scenario may be similar to the modern Santa Barbara System 
(cf. Figure 1.3) where incipient ranges are being exhumed from sedimentary cover in a 
previously unbroken foreland (Hain et al., in press). 
 
Climatic evolution of the Puna plateau 
Mio-Pliocene climate and environment has not been studied as intensively as the 
tectonic history in the region.  Further, many proxy records cannot be unambiguously 
interpreted and chronologic control is evolving.  The vertebrate fossil record provides the 
most widespread proxy for environment; however, it can be temporally correlated with 
events that are not directly related to climate (Figure 5.3).  The interhemispheric 
exchange of terrestrial vertebrate taxa, known as the Great American Biotic Interchange 
(GABI; Webb, 1991, 2006), was facilitated by tectonic forces and by climatic forcing of 
savanna environments during the Plio-Pleistocene (Webb, 1991).  The boundary between 
the Huayaquerian and Montehermosan South American Land Mammal Ages (SALMA) 
is present at Puerta de Corral Quemado, but is not tightly constrained and may be time-
transgressive in the region (Flynn and Swisher, 1995).   
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Figure 5.3:  Timing of climatic and ecologic events along the Central Andean plateau.  
Intervals in black indicate well constrained events, those in gray have less certain age 
control or interpretation.  In the Altiplano, surface temperature and soil water isotopic 
composition are documented by the Δ47 carbonate thermometer (Ghosh et al., 2006).  
Paleosol carbonate 18O enrichment in the Subandes is from Mulch et al. (2010).  In the 
Angastaco basin climatic interpretation of the Palo Pintado Formation is based on Starck 
and Anzotegui (2001). The climatic significance of the San Felipe Formation is after 
Bywater-Reyes et al. (2010).  Paleosol carbonate 18O enrichment along the Puna margin 
is based upon Figure 4.6, Figure 4.7, and Bywater-Reyes et al. (2010).  Timing of 
SALMAs is from Butler et al. (1984), Flynn and Swisher (1995), and Chapter 2.  Details 
of the GABI are from Webb (1991, 2006), Butler et al. (1984), and Chapter 2.  Inferences 
regarding the timing and nature of C4 expansion and landscape-scale ecological gradients 
are made explicit in Chapter 2 and Chapter 4 (see Figure 2.6 and Figure 4.6). 
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 At present, it can be stated that the expansion of C4 plants in the region is 
approximately coincident with the arrival of the earliest participants in the GABI and 
with the Huayaquerian/Montehermosan SALMA boundary.  The nature of these 
relationships is not certain, but it is possible that the transition to the Montehermosan 
SALMA follows a regional shift to more open environments with an increasing 
abundance of plants using the C4 photosynthetic pathway.  This transition is first 
registered in the tooth enamel δ13C values of herbivores, and later by paleosol carbonate 
δ13C data (Figure 5.3).  Mammalian herbivores document C4 plants in their diet as early 
as 8 Ma, but a true shift to C4 dominated diets among some taxa occured between 7 Ma 
and 5.5 Ma.  Paleosol carbonate δ13C values indicate that C4 plants were becoming an 
increasingly important component of plant ecosystems at the local scale between 6 Ma 
and 4 Ma.  Given the climatic affinities of C4 plants this can be interpreted to result from 
increased aridity, development of the South American Monsoon, or perhaps a 
combination of the two. 
While it is tempting to interpret the increase of C4 plants in terms of climatic 
patterns, this is not an equivocal interpretation.  The late Miocene expansion of plants 
using the C4 photosynthetic pathway is a global phenomenon with uncertain and complex 
origins (see Tipple and Pagani, 2007).  As discussed in the previous paragraphs, 
interpretation of ecological events (e.g., SALMA boundaries or the GABI) does not lend 
itself to correlation with any single variable.  The late Miocene C4 expansion in 
northwestern Argentina is approximately synchronous with the global record of fossil 
tooth enamel δ13C from low latitudes (Cerling et al., 1997; see also Passey et al., 2009).   
199
 In northwestern Argentina, plants using the C4 photosynthetic pathway underwent 
an ecological expansion during a period of growing topography and changing climate.  
The spatial density and temporal control of proxy records are not sufficient to make 
strong arguments about how regional and sub-regional climatic patterns may have 
influenced this ecological event.  C4 plants might serve as a proxy for climatic conditions 
favorable to their growth, namely aridity and monsoonal precipitation. 
During the late Miocene and early Pliocene both monsoon intensification and 
aridity are invoked as climatic events.  Based on vertebrate and plant fossils, depositional 
environments, and stratigraphic patterns of the Palo Pintado Formation, Starck and 
Anzotegui (2001) provide a strong case for the onset of humid conditions in the 
Angastaco basin beginning ~9 Ma.  Subsequent deposition of the San Felipe Formation 
beginning ~5 Ma has been interpreted to result from increasing aridity in the region 
(Bywater-Reyes et al., 2010).  In light of the strong ecological and climatic gradients that 
were shown to exist throughout the Mio-Pliocene geologic record (see Figure 4.8), 
ascribing these climatic patterns to regional changes is not tenable. 
The most probable regional climatic signal is the 18O enrichment documented in 
paleosol carbonate from Puerta de Corral Quemado and Vallé Santa Maria between 7 Ma 
and 4 Ma (Figure 4.7).  This broad isotopic pattern can be extended to the Angastaco 
basin (cf. Bywater-Reyes et al., 2010); thereby encompassing 2° of latitude.  When 
compared to paleosol carbonate data from Bolivia several critical differences are noted 
(Figure 5.3).  A very rapid 18O enrichment is documented in the Subandes between 9 Ma 
and 8 Ma; this contrasts with the later more protracted isotopic signal along the southern 
Puna margin.  Both of these records contrast with late Miocene data from the Altiplano 
200
 which document not only 18O depletion in pedogenic carbonate, but also very strong 
secular changes in soil temperature and soil water isotopic composition (Ghosh et al., 
2006).  Between 10.4 Ma and 6.7 Ma, soil water δ18O values decreased ~4‰ (Ghosh et 
al., 2006; Quade et al., 2007).  This has been commonly interpreted as evidence for rapid 
uplift of the Altiplano during this interval, but others have proposed that threshold 
elevations were attained for large scale reorganization of precipitation by modest 
elevation gain in the Eastern Cordillera and Altiplano (Ehlers and Poulsen, 2009). 
Evidence for late Miocene intensification of the South American Monsoon is 
nascent (Strecker et al., 2007a, 2007b), but strongly divergent δ18O data from coeveal 
paleosol carbonates support spatial, and perhaps seasonal, redistribution of precipitation.  
Extending this pattern to the study area at the southernmost extent of the Central Andean 
plateau supports large scale changes in precipitation systems and further calls into 
question the need for rapid surface uplift of the Bolivian Altiplano to produce the 
paleosol proxy record observed on the Altiplano (see Mulch et al., 2010). 
If the South American Monsoon intensified or migrated southward during the late 
Miocene, it did so on a substrate of growing topography and evolving orographic 
rainshadows.  To best understand the climatic and ecological changes that took place 
along the southern Puna margin during the Mio-Pliocene, each stratigraphic record must 
be interpreted with as much geological context as possible.  In some instances proxy 
records are divergent between stratigraphic sections, suggesting local control on climate 
and environment.  However, individual stratigraphic sections have to be interpreted 
cautiously because locally heterogenous environments may be recorded more or less 
randomly in any single section, this is especially true for paleosol carbonate δ13C data. 
201
 Conclusions 
In the late Miocene, volcanism increased on the Puna plateau and intense 
deformation commenced along the plateau margin.  These were synchronous and might 
result from tectonic processes at the plate margin or in deep-crustal levels beneath the 
plateau.  Deformation at the plateau margin was manifested as out-of-sequence uplift of 
mountain blocks along preexisting zones of structural weakness.  In some cases this 
resulted in uplift of existing mountain blocks that were exhumed during the Oligocene; in 
other cases new mountain blocks were exhumed from beneath Mesozoic and Cenozoic 
sedimentary cover in the foreland.  By the Quaternary, Mio-Pliocene sedimentary basins 
had been deformed and the plateau margin was in a neutral to extensional stress regime. 
The climatic and ecological record during this period is complex, and strong 
landscape-scale environmental gradients existed from 10 Ma to present.  The early part of 
the Mio-Pliocene record might be influenced by intensification or southward migration of 
the South American Monsoon, whereas the later part of the record is characterized by 
local aridification and shifting environments related to complex topographic growth.  
During these events the global expansion of C4 plants proceeded in NW Argentina. 
In favorable circumstances, the Mio-Pliocene geologic record along the Puna 
margin can be interpreted with sub-100 ka temporal resolution.  This is most easily 
achieved through a combination of geochronological methods (magnetic polarity, 
radioisotopic dating, tephrostratigraphy).  Correlation of volcanic ash beds provides a 
precise and accurate method for comparison of widely separated stratigraphic sections. 
Tephrostratigraphic work is not only an integrative geochronological method, but is also 
one approach to deciphering crustal-scale tectonic processes. 
202
 Outstanding questions 
Volcanic history of the southern Puna 
The volcanic history of the southern Puna plateau is well constrained.  Robust 
new age data are now available for both Cerro Galán and back-arc basaltic lavas in the 
region (Kay et al., in press; Risse et al., 2008), in addition to detailed geochemical and 
petrological models (Kay et al., 2010; Drew et al., 2009).  These data, and many other 
indicate that at the latitude of the southern Puna both arc magmatism and intra-plateau 
magmatism increased since ~10 Ma and likely provide a record of tectonic processes 
(Trumbull et al., 2006). 
The distal record of explosive volcanism has been exploited to enrich the 
understanding of unique volcanic provinces (cf. Perkins and Nash, 2002; Nash et al., 
2006), and might prove fruitful for the southern Puna.  Volcanic ash beds in sedimentary 
basins at the plateau margin provide a rich record of silicic volcanism from 5.6 Ma to 3.5 
Ma (Chapter 3).  This could be extended to 7–3Ma, and to the Quaternary record with 
targeted sampling.  Such efforts would appropriately test the suggestion of pulsed 
magmatism between 10 Ma and present (Figures 5.1 and 5.2).  Preservation and exposure 
of volcanic ash beds is better in marginal basins than on the plateau, resulting in a more 
detailed record.  A detailed record of volcanism would characterize individual eruptive 
centers more accurately, and highlight possible crustal-scale tectonic events. 
 
The significance of eolian strata at Puerta de Corral Quemado 
In the interval from ~7 Ma to 5.5 Ma, thick eolian deposits accumulated at PCQ.  
The environmental significance of these deposits is highlighted by reference to modern 
eolian systems which erode material on the Puna plateau and deposit it at the plateau 
203
 margin (cf. Figure 1.5).  Eolian deposits are not described prior to this interval; however, 
lenses of eolian deposits can be found in the strata overlying this interval, in Quaternary 
deposits, and modern environments.  The onset of eolian deposition in the basin may 
record a fundamental and permanent change.  The thick sequence of eolian sandstones in 
the late Miocene accumulated very rapidly and is laterally extensive, suggesting that a 
true change in sedimentary processes occurred rather than a lateral shift in depositional 
environments.  Late Miocene eolian deposition may result from topographic 
enhancement at the plateau margin such that sediment began accumulating in the leeside 
of the plateau from dominant northwesterly winds. 
Detailed study of this stratigraphic interval would address this hypothesis and 
serve several other objectives.  Volcanic ash beds in the eolian interval are common and 
well-preserved; focused tephrostratigraphic work in this interval would extend the record 
of explosive volcanism.  Improved geochronology and stratigraphy of this interval would 
also be beneficial to constraining the mammalian diet shifts that occurred concurrently. 
 
The geologic record from 3.5 Ma to present 
The upper age bounds on many sections, including Fiambalá, Puerta de Corral 
Quemado, and Vallé Santa Maria are poorly constrained.  The best age control for the 
transition between the stratigraphic record and the geomorphic record is the collection of 
fission-track ages for ash beds in Vallé Santa Maria (Strecker et al. 1989).  Constraining 
this transition more tightly will provide valuable information on the spatio-temporal 
pattern of deformation.  Importantly, when did contractional deformation migrate to 
sedimentary basins and when did it culminate.  Combining geochronological controls on 
204
 stratigraphic and geomorphic records in the basins at the plateau margin should also be 







STRATIGRAPHIC AND GEOCHEMICAL DATA 
 
FOR VOLCANIC ASH BEDS 
 
Introduction 
The location, stratigraphic position, and major elemental composition of volcanic 
ash beds is presented in Tables A.1 through A.19, organized by stratigraphic section from 
south to north.  Table A.20 provides the major elemental composition of Quaternary ash 
beds, and Table A.21 provides compositional data for volcanic ash samples originating 
from researchers associated with Universität Potsdam, Germany.  Table A.22 provides 
trace element concentrations of volcanic glass separates from all analyzed samples.  
Table A.23 is a summary of 40Ar/39Ar results for eruptive minerals in volcanic ash beds, 
and the details of these experiments are presented in Table A.24. 
Two figures are also included.  Figure A.1 provides field photographs that were 
used to match the primary section at Puerta de Corral Quemado (Table A.5) with the 
previous work of Latorre et al. (1997).  Figure A.2 is a preliminary tephrostratigraphic 
panel for Vallé Santa Maria.  This provides a fuller framework than was presented in 
Chapter 4, highlighting potential correlations to Puerta de Corral Quemado, Angastaco 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A.1:  Photographs and geographic locations of sandstone marker beds and 
volcanic ash beds from Puerta de Corral Quemado.  These stratigraphic markers facilitate 
intergration of the tephrostratigraphy and tooth enamel stable isotope data with the 
paleosol carbonate data from Latorre et al. (1997).  Locations were established using the 
field notes and photographs of J. Quade (University of Arizona).  This section was 
measured on the south side of Río Corral Quemado, and constitutes the principal section 
to which stable isotope proxy data and volcanic ash chemistry is referenced (Table A.5).  
The magnetostratigraphic data of Butler et al. (1984) were obtained on a stratigraphic 
section exposed on the north side of Río Corral Quemado, data from this region is 





























Figure A.1 (continued):  Sandstone #4 and Sandstone #5, lower section. 
216
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Figure A.1 (continued):  In principal section (Top), and Los Barcos section (bottom). 
217
Toba del Puerto (Arg 100/101) 













Figure A.1 (continued):  Sandstone #9 (foreground and intermediate distance), is the 
transition between the middle and upper parts of the principal section (Table A.5). 
219
Sandstone #9 





Figure A.1 (continued):  Sandstone #10, top of the late Miocene sequence of ash beds. 
 
220
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Figure A.1 (continued):  Toba Corral Quemado (3.66 Ma), El Durazno in background. 
 
223
Toba Corral Quemado (Arg 241) 



















Figure A.1 (continued):  Volcanic ash bed at 2198 m level, sample Arg 244 is 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A.2:  Composite tephrostratigraphy for sections measured in Vallé Santa Maria.  
Correlations to Universität Potsdam samples, and potential correlations to Puerta de 
Corral Quemado (PCQ) section illustrated for reference.  The very earliest Pliocene is 
well constrained by sanidine 40Ar/39Ar age of 5.19 Ma for toba rayita amarilla (TRA) 
obtained on sample ENTR 909, and by a biotite 40Ar/39Ar age of 5.20 Ma obtained on 
Potsdam sample QJ-4.  At Quebrada de Jujuy a coarse pumice underlying TRA gives a 
sanidine 40Ar/39Ar age of 5.27 Ma (QDJ 983).  Lower and upper age bounds for the 
sections are not well known.  However, if the proposed correlations to PCQ are correct, 
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STABLE ISOTOPE DATA 
 
Introduction 
The stable isotope composition was measured for a variety of sample materials in 
the laboratory of Dr. Thure Cerling, Department of Biology, University of Utah.  Several 
samples sets representing modern, Quaternary, and Mio-Pliocene environments were 
analyzed.  Surface, ground, and tap water samples are reported in Table B.1.  Analyses of 
carbonate from modern environments, as well as pedogenic carbonate from geomorphic 
surfaces and paleosol and diagenetic carbonate from stratified sections are presented in 
Tables B.2 through B.4.  These tables are organized by sedimentary basin, from south to 
north.  Table B.5 presents data from modern and fossil tooth enamel, the vast majority of 
this data is from the Corral Quemado basin. 
All carbonate isotopic data was produced using an autosampler connected to a 
common acid bath (Finnigan Carboflo) and inlet to the mass spectrometer via dual inlet.  
The common acid bath (100% phosphoric acid) was kept at 90 ± 1°C, and sample δ18O 
values were calculated using acid fractionation factors described in Swart et al. (1991) 
and Passey et al. (2007).  Laser ablation methods are presented in Passey and Cerling 
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